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SUMMARY
The re p a ss iv a tio n  o f a  commercial grade 18% Cr 8 % Ni a u s te n i t ic  
s ta in le s s  s t e e l  in  n e u tra l  deoxygenated w ater a t  313, 353, 393, 433 and 
473®K was s tu d ie d  by XPS, o b ta in in g  com position p ro f i le s  by argon ion 
e tch in g . E valuation  o f  th e  teclm ique revealed  th e  n e g lig ib le  e f f e c t  o f  
th e  sanp le  t r a n s f e r  through a i r  from th e  spectrom eter to  the  co rro sio n  
c e l l ,  b u t p h o to e lec tro n  a tte n u a tio n  and reduction  in  pealc d e f in i t io n  
re s u lte d  from organic  carbon p ick-up  from w ater and spectrom eter vacuum.
Wliere necessary  m u ltip le t  an a ly s is  by curve sy n th es is  was c a r r ie d  
ou t to  determ ine th e  s p e c tra l  peak h e ig h ts  o f overlapping  pealcs. 
Q u an tita tiv e  an a ly s is  was based  upon sp e c tra l pealc n o rm aliza tion  u sing  
experim entally  determ ined s e n s i t iv i ty  fa c to rs .
"F or th e  experim ents in  th e  tem perature range 393 to  473^K, a PTFE 
co rro s io n  c e l l  w ith  a b u i l t - i n  h e a te r  was co n stru c ted  which was used in  a 
n itro g en  f i l l e d  p re ssu re  v e sse l.
XPS an a ly s is  rev ealed  th re e  types o f  p ass iv e  la y e r :
(1) An o u te r  w a te r - r ic h  contam inent la y e r
(2) A p assiv e  f ilm  c o n s is tin g  o f  Cr^* Fe^* Fe^^ 0~ and OH
(3) An in te r f a c ia l  zone c o n s is tin g  o f in te rn a l ly  ox id ised  reg ions 
o f  th e  s t e e l .
The o u te r contam inent la y e r  was most prom inent in  tlie  313 to  3S3°K 
tem perature range. I t  c o n s is te d  o f  w ater p o ss ib ly  hydrogen-bonded to  
ac rea ted  organic m olecules.
At 313 and 353^K, th e  unreacted  n ic k e l o f  th e  a llo y  showed an 
a tte n u a tio n  o f th e  Zp^^^ s ig n a l w ith  exposure, which p resen ted  a unique 
op p o rtu n ity  to  c a lc u la te  f ilm  tliic k n e ss . This was only p o ss ib le  a t  th ese
( i i i )
lower tem peratures where no m te r f a c ia l  zones were observed. The film  
thiclcness was estim ated  a t  approxim ately 2 .0  nm. At th e  h ig h e r tem peratures 
■ i t  was p o ss ib le  to  co n sid er th e  e tch -tim e to  be p ro p o rtio n a l to  the  film  
th ic k n e ss . Hie filmis formed a t  393 and 433°K were found to  be o f  a 
comparable thiclcness to  those  formed a t  313 and 353^K.
The pass iv e  film s formed a t  313 and 353°K rev ealed  chromium-rich 
and iro n - r ic h  a reas . S lig h t chromium enricliment was found a t  353°K.
The more comprehensive an a ly s is  a t  393 and 433^K found evidence o f  a 
A'- d i s t in c t  i ro n - r ic h , p o ss ib ly  sp in e l reg ion  in  th e  o u te r  la y e r , and an 
in n e r chromium-rich reg io n , p o ss ib ly  o f  a corrundum s tru c tu re .  There 
was no s tro n g  evidence o f  s e le c t iv e  o x id a tio n  o r  d is so lu t io n  in  th ese  
o u te r la y e rs . The film s in  th i s  range o f  tem perature were concluded to  
conform to  th e  ^ b t t  -  C abrera, f ie ld -in d u ce d  growth theory  fo r  the  low 
tem perature o x id a tio n  o f  m eta ls . The o u te r la y e r  was thought to  correspond 
to  the i n i t i a l  b a r r i e r  f ilm . Hie in n e r la y e r was thought to  be  th e  r e s u l t  
o f  a s o l id - s ta te  reduction/oxM ation re a c tio n  between chromium m etal and 
m agnetite , and the  o r ig in a l  m e ta l/f ilm  in te r fa c e , re s u l t in g  in  Cr2 0 g and 
iro n . Such a re a c tio n  could  be resp o n sib le  fo r  tlie chromium enrichm ent 
o f  film s formed a t  313 and 353°K. H iis re a c tio n  would precede the  in te rn a l 
o x id a tio n  o f  the  s t e e l  a t  th e se  h ig h e r tem peratures where anion d iffu s io n  
would be s u f f ic ie n t  to  p e n e tra te  th e se  passive  f ilm s . On passing  tlirough 
breaks in  the  chromium-rich in n e r- la y e r  tlie oxygen and hydroxyl anions 
were then  ab le  to  re a c t w ith  th e  underly ing  s t e e l ,  along g ra in  boundaries 
and su rface  im perfec tio n s , re s u l t in g  in  an in te r f a c ia l  zone. Hie 
thermodynamically miore favourable  d ir e c t  o x ida tion  o f  th e  chromium m etal 
would tend  to  a r r e s t  th e  former re a c tio n . •
At 473^K, tlie  h ig h e r c a tio n  d if fu s io n  re s u lte d  in  considerab le  film  
growth, corresponding to  approxim ately 7 and 18 nm a f t e r  1 and 3 h 
re sp e c tiv e ly . Hie i ro n - r ic h  and diromiium-rich zones were again  in  evidence
(iv )
a t  th i s  tem peratu re. No s e le c t iv e  d is so lu tio n  o r  o x id a tio n  o f  the  o u te r  
lay e rs  was observed. However, a considerab le  co n cen tra tio n  o f  n ic k e l 
ions as w e ll as tra c e s  o f  copper ions were found to  be enriched  in  the  
o u te r  lay ers  o f  tlie  p ass iv e  film s. The n ic k e l was thought to  be inco rp o ra ted  
in  the  f ilm  as NiFe^O^, an extrem ely s ta b le  s p in e l . The con cen tra tio n  
p r o f i le  o f  n ic k e l ions was assumed to  be  a fu n c tio n  o f  th e  ra te  o f  f ilm  
growtli. The o v e ra ll  f ilm  growth appeared to  correspond to  a logarithm ic  
growth r a te .
Whereas th e  th ick n ess  o f  th e  in te r f a c ia l  zones formed a t  393 and 433°K 
were comparable to  th e  p ass iv e  f ilm  th ick n ess , a t  473°K tlie g re a te r  ra te  o f  
c a tio n  d if fu s io n  compared to  anion d iffu s io n  re s u lte d  in  in te r f a c ia l  zones 
to  a  depth o f  a f r a c t io n  o f the  p ass iv e  film  th iclcness.
Throughout t l i i s  work th e  s u i t a b i l i t y  o f XPS to  a  study  o f th i s  k ind  
was evalua ted , and various aspects o f  the  an a ly s is  have been c lo se ly  
examined in c lud ing  the  procedure fo r  im ultip let an a ly s is  and the experim ental 
determ inations o f  pealc s e n s i t iv i ty  fa c to rs  fo r  q u a n ti ta t iv e  a n a ly s is .
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1 .0  LITERATURE SURVEY The P a ss iv a tio n  o f S ta in le s s  S te e l in  Aqueous
Media
1 .1  INTRODUCTION
Hie chemical and p h y sica l p ro p e r tie s  o f  tlie i n i t i a l  p ass iv e  film  
formed on s ta in le s s  s t e e l  when exposed to  an aqueous environm ent, 
determ ines the  re s is ta n c e  o f tlie  s t e e l  to  s t r e s s - co rro s io n  crack ing  and 
to  co rro sio n  product re le a se  o r d is so lu t io n . I t  i s  in tended  here  to  
survey some o f  th e  major c o n tr ib u tio n s  th a t  have been made to  th e  study 
o f  th ese  film  p ro p e r tie s  and to  o u tlin e  some o f  the  in h e re n t d i f f i c u l t i e s  
involved in  such a s tudy . I t  w i l l  be shown how many such d i f f i c u l t i e s  
have been la rg e ly  overcome by th e  re c e n t developments tak in g  p lace  in  
th e  f i e ld  o f  su rface  chemical a n a ly s is .
1 .2  PASSIVITY: GENERAL THEORY
Two th e o r ie s  have emerged d esc rib in g  th e  p assiv e  o r d eac tiv a ted  
• s t a t e :  th e  ' oxide film  tlieo ry ’ and ’tlie  ad so rp tion  th e o ry ’ . The ’oxide 
film  th eo ry ' a t t r ib u ta b le  o r ig in a l ly  to  F a r a d a y s u g g e s t s  th a t  a 
d if fu s io n  b a r r i e r  o f  co rro s io n  p roducts such as m e ta ll ic  ox ide , forms 
n ex t to  th e  m etal su rfa c e , thus p ro te c tin g  the  m etal by reducing the  
r a te  o f  fu r th e r  a tta c k . Evidence o f  th e  presence o f  an oxide film  in  
many cases i s  now abundant: tlie  oxide s tr ip p in g  teclm ique o f 
U. R. Evans was l a t e r  adapted by Vernon e t  a l ,  and has le d  to  
ex ten siv e  cliemical and s t r u c tu r a l  s tu d ie s .  The ad so rp tio n  tlieory 
p o s tu la te d  by L a n g m u i r , c o n s i d e r s  th a t  p a s s iv i ty  may be achieved by 
th e  form ation o f  a la y e r  o f  cliemisorbed ox)'gen between the  m etal a n d . 
s o lu tio n , d isp la c in g  adsorbed w ater and th e re fo re  in c re as in g  the
rs')a c t iv a t io n  energy fo r  d is so lu tio n  o f  th e  m etal l a t t i c e .  M ueller^ ^
_ 2 -
p re sen ts  a  linlc between th ese  two tlieo rie s  in  suggesting  t l ia t  p a ss iv a tio n  
may be a two s tag e  p ro cess . The f i r s t  s tag e  i s  the  coverage o f the  nude 
m etal su rface  by a monolayer o f  oxygen which decreases the  anodic 
d is so lu tio n , followed by a second s tag e  whereby a monolayer o f  a s ta b le  
compound, e .g .  oxide i s  produced from tlie cliemisorbed la y e r . F urther 
f ilm  growth may then  fo llow . Iro n , th e  p rincipe*  component o f  s ta in le s s  
s t e e l ,  i t s e l f  shows the  phenomenon o f  p a s s iv i ty  in  su lp h u ric  a c id  and 
even in  deaera ted  w ater i t s  co rro s io n  r a te  i s  reduced to  an im perceptable 
le v e l  a t  ordinar)'’ tem pera tu res. The problem o f  id e n t i f ic a t io n  o f  su rface  
phases on iro n  i s  m erely one o f  s t r u c tu r a l  a n a ly s is , e .g .  by e le c tro n  
d i f f r a c t io n  and n o t com positional a n a ly s is  as i s  necessary  w ith  a llo y s . 
The s i tu a t io n  w itli th i s  m etal i s  th e re fo re  b e t t e r  understood.
1 .3  COMPOSITIONAL AND STRUCTURAL ANALYSIS OF THE PASSIVE FILM FORMED
ON IRON IN DEOXYGENATED WATER
I t  i s  thermodynamically p o ss ib le  fo r  e i t l ie r  Fe (OH) 2 o r Fe^O^ to  
form by th e  in te ra c t io n  o f  iro n  and deoxygenated w ater. Hie fo llow ing 
re a c tio n s  a re  p o ss ib le :
(a) Fe + 2H^0 ^  Fe(OH), + AG° = -2190 c a ls
(b) 3Fe(OH) 2  Fe^O^ + H^O + AG° = -9070 c a ls
Cc) 3Fe + 4HgO + Fe^O^ + 48^ AG° = -15640 .cals
Tliese chemical re a c tio n s  may, in. f a c t ,  occur e lec tro ch em ica lly , 
e .g .  re a c tio n  (c) could  be expressed:
3Fe + 40"" -  8e ->■ Fe '^*' + 2Fe^*  ^ + 40^" (ANODE)
8H"^  + 8e 4H_ (CATHODE)
3Fe + 4 II2O Fe^O^ + 4H2
The necessary  anions a re  derived  from io n iz a tio n  o f  the  w ater.
-  3 -
Linnenbom^^^ found tl ia t  on exiiosing iro n  to  deoxygenated n e u tra l 
w ater a t  298°K, no s ig n s  o f  m agnetite  were apparen t, and s o lu b i l i ty  da ta  
and pH changes suggested  th e  l ik e ly  presence o f  Fe(OH) 2 « Hiese r e s u l ts  
agreed w ith  th e  e a r l i e r  work o f  Schikorr,^^^ who found evidence th a t 
re a c tio n  (b) occurred  very  slow ly in  suspension. At 3 3 3 °K and 573°K 
Linnenbom^^^ observed the  form ation o f  m agnetite by tlie more tliermo- 
dynam ically favoured re a c tio n s  (b) and (c) which he considered  were too 
slow to  opera te  a t  298°K. At 573°K, o t l i e r s h a v e  considered  the 
re a c tio n  to  form Fe^O^ to  be alm ost in s tan tan eo u s, H iis was found n o t to  
be th e  case by C astle  and T h o m p s o n w h o  d iscovered  th a t  the  re a c tio n  
r a te  was only f a s t  when enhanced by m etal c a ta ly s ts ,  even a t  high 
te n p e ra tu re s .
Perhaps tlie worker who has c o n trib u te d  most to  the  understanding  o f 
the p a ss iv a tio n  o f  iro n  i s  Cohen. His p ioneering  model o f  th e  iro n /
deoxygenated w ater re a c tio n  was th a t  o f  a rap id ly  formed i n i t i a l  f ilm  o f
m agnetite by re a c tio n  (c) being  perhaps 1 o r 2 u n it  c e l l s  th ic k  ( i . e .
2+0 .8 -1 .6  nm). Across th is  f ilm  Fe ca tio n s  would d r i f t  under tlie in flu en ce  
o f  tlie anion p o te n t ia l  f i e ld  a t  th e  oxide/w ater in te r fa c e  and be re le ase d  
to  the  s o lu tio n , w h ils t  e le c tro n s  pass to  complete the  cathod ic  re a c tio n  
a t  th e  ox ide/w ater in te r fa c e  to  re le a s e  hydrogen, leav in g  an excess o f  
hydroxyl ions from w ater.
Schem atically :
H
OW",
H2 O
f 4 1
F e c fto
a
T
Fe (o h ) o
H H.
.5 nm
F ig . 1 : Development o f  s te a d y -s ta te  co rro sio n  o f  iro n  w ater
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The m agnetite  th ickens and becomes v is ib le  on in c reas in g  tem perature 
o r by ad d itio n  o f  c e r ta in  chem icals, i . e .  when th e  o x id a tio n  o f  fe rro u s  
ions reaches tb.e c o r re c t p ro p o rtio n s  req u ired  to  form m agnetite a t  a 
g re a te r  r a te  tlian t h a t  o f  the  S d iik o rr  re a c tio n  ( b ) .
In  oxygenated w ater tlie  main products o f  th e  re a c tio n  a re  hydra ted  
ox ides. The i n i t i a l  f i lm  i s  m agnetite , which C o h e n f o u n d  to  o x id ise  
to  Y~Fe2^3 by re a c tio n  w itli adsorbed oxygen an io n s . In  s tag n an t so lu tio n s  
oxygen d e p le tio n  w i l l  reduce the  r a te  o f  d if fu s io n  o f  Fe^^ ions through 
th e  la y e r  and y-Fe^O^ growtli w i l l  be reduced. In  sucli a  case fe rro u s 
ions in  so lu tio n  w il l  tend  to  be ox id ised  to  FeO(OH), by d isso lv ed  oxygen, 
which may p re c ip i ta te  onto tlie  su rface  o f  the  film , a c tin g  as an oxygen 
d if fu s io n  b a r r ie r .
C o h e n n o t e s  th a t  id e n t i f ic a t io n  o f  the Y~Fe2 0 - phase is  sometimes 
com plicated by tlie in c lu s io n  o f  two o th e r d i f f r a c t io n  l in e s  and a 
d -spacing  g re a te r  than  0 .6  nm. He concluded tl ia t  tlie phase d id  n o t appear 
to  be s p in e l- ty p e , and was found to  be le s s  so lu b le  in  ac id  than  the 
m agnetite  phase.
The k in e tic s  o f  th e  i n i t i a l  p a ss iv e  film  formed was, mucli l a t e r ,  
s tu d ie d  by Kruger and Ambrose. They m onitored anodic cu rren t
t r a n s ie n ts  on an o sc il lo sc o p e , and, c o r re la t in g  th is  d a ta  w ith  i n s i tu  
e l l ip s im e tr ic  measurements, th e  p a ss iv a tio n  o f  an i n s i tu  abraded m ild 
s t e e l  specimen was observed to  occur w itliin  tlie m illiseco n d  range. This 
paper i s  im portant because o f  th e  in d ic a tio n  which i t  g ives o f  tlie very 
higli speed o f  p a s s iv a tio n . I t  does n o t, however, provide support fo r  
any p a r t ic u la r  f ilm  s tru c tu re .
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1.4 STRUCTURAL STUDIES OF PASSIVE FILMS FORMED ON IRON
IN SULPHURIC ACID
Most s tu d ie s  on the  aqueous p a ss iv a tio n  o f  iro n , have been c a r r ie d  
o u t in  su lp h u ric  a c id  under p o te n t ia l  c o n tro lle d  co n d itio n s  -  u su a lly  in  
tlie  range 0 .2 -0 .3  v o lts  above th e  p a ss iv a tio n  p o te n t ia l .  V e tte r  
observed a Fe^O^ phase ad jacen t to  tlie  m etal and an o u te r  la y e r  o f  
y-Fe2 0 ^. Foley e t  al^^^^ observed an e p i ta x ia l  y-Fe^O^ phase n ex t to  
tlie  m etal w ith  some Fe^O^. Nagayama and Cohen determ ined an in n er 
la y e r  o f  Fe^O^ and an o u te r  la y e r  o f  y-Fe^O^. They proposed th a t  tlie  
lower co n d u c tiv ity  o f  y-Fe^O^ would suggest a h igh  f i e l d  s u s c e p t ib i l i ty  
o f  th a t  phase to  la y e r  growth, i . e .  a M ott-Cabrera^^^^ type growtli 
meclianism. Foley e t  al^^^^ a lso  showed tl ia t  whereas a y-Fe^O^ s tru c tu re  
was produced in  th e  p ass iv e  range, a Fe^O^ s tru c tu re  formed in  the  a c tiv e  
and tra n sp ass iv e  reg io n s .
Hie general model proposed i s  t l ia t  o f  a  duplex s tru c tu re :  an in n e r 
conductive la y e r o f m agnetite  in  c o n tac t w ith  the  m eta l, and an o u te r 
in s u la t in g  y-Fe2 0 ^ la y e r  which may have an excess o f  vacan c ies , causing  
the  h igher d -spacing  no ted  by Cohen. H iis f ilm  i s  remarkably 
s im ila r  to  tl ia t  proposed fo r  oxygenated w ater and i t  seems t lia t  the  SO  ^
p lays no p a r t ic u la r  ro le  in  film  s t a b i l i t y .
1 .5  PRACTICAL LIMITATIONS TO THE STUDY OF THE PASSIVE FILMS 
FORI^ ÆD ON STAINLESS STEEL
M ist o f  tlie knowledge we have on the  p a s s iv i ty  o f  s ta in le s s  s te e ls  
has been gained from e l e c t r o c h e m i c a l a n d  e llip so m e tr ic  
s t u d i e s . H i e r e  i s  a d e fic ien cy  o f  com positional and s t r u c tu r a l  
d a ta , to  enable one to  id en ti:fy  th e  ro le s  o f  the  c o n s ti tu e n t elem ents in  
tlie f ilm s. Hie main reason  fo r  th i s  lack  o f  in form ation  l i e s  in  tlie
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f a c t  t l ia t  the  film s a re  in  th e  u l t r a - t h in  film  range: e llip so m e tr ic  
in v e s tig a tio n s  on film s developed on Fe-Cr a llo y s  and s ta in le s s  s te e ls  
vary  from 1 .0 - 6 . 0  according to  com position o f the  m a te r ia l,
and environment as w e ll as o tlie r e x te rn a l fa c to rs  l ik e  tem perature and 
e lec tro d iem ica l p o te n t i a l .
Tliese in lie re n tly  t li in  film s eluded d i r e c t  cliemical a n a ly s is  fo r  
many y e a rs . In  h is  very  comprehensive s tudy , Rhodin^^^'^^^ sought to  
overcome th i s  problem by applying the  procedure o f  Vernon e t  a l^  to  
s t r i p  tlie  th in  film s from a v a r ie ty  o f  s ta in le s s  s te e ls  exposed to  
d i f f e r e n t  environm ents, u s in g  an iodine/m ethanol e tc h a n t. Rhodin^^^'^^^ 
used m icro-co lorim etry  and X-ray fluo rescence  to  o b ta in  the  bulk  chemical 
com position o f  the  f ilm s. He a lso  used e le c tro n  d i f f r a c t io n  to  charac­
te r i s e  th e  film  s tru c tu re  and e llip so m etry  to  measure tlie  p re -s tr ip p e d  
f ilm  thicloiesS t No d i s t i n c t  d i f f r a c t io n  p a t te rn  was ob ta ined  suggesting  
a  m ic ro -c ry s ta llin e  o r  amorphous s t ru c tu re .  The chemical an a ly s is  
in d ic a te d  the  presence o f  a m ixture o f  oxides o f  the  t r a n s i t io n  elem ents 
Fe, C r, Ni and Mo. I t  was considered  l ik e ly  t l ia t  chromium con ferred  an 
o v e ra ll  chemical s t a b i l i t y  to  th e  f ilm . Water was p re se n t in  a l l  film s 
in  no fix ed  p ro p o rtio n s , and in  some cases a hydra ted  s i l i c a  was a lso  
p re se n t. Rhodin^^^'^^^ concluded t l ia t  th e  film s have a g e l- l ik e  s tru c tu re  
having a higli io n ic  and gaseous c ap a c ity , and th a t  film  form ation was 
achieved through s e le c t iv e  d is so lu t io n  and d e p o sitio n  o f  re a c tio n  products 
from so lu tio n . There were two main l im ita tio n s  to  th i s  work, f i r s t l y  
th a t  bu lk  cliemical d a ta  from an undefined s tru c tu re  t e l l s  l i t t l e  o f  the 
ro le  p layed  by each o f  tliese  a d d itio n s , and accord ing ly  a t  t l i is  e a r ly  
s tag e  in  the  development o f  film  a n a ly s is , the  o r ig in a l  chemical 
com position o f  tlie su rface  could  n o t be accu ra te ly  determ ined. In te rn a l 
ox id a tio n  o f  th e  s te e l  may have in fluenced  tlie growth o f  the  p assiv e  film . 
Anotlier unloiown fa c to r  was the  e f f e c t  o f  tlie e tch an t upon the  com position
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o f  tlie  f ilm , o r th e  p o ss ib le  p ick-up  o f  e tch  products by tlie f ilm  from 
s o lu tio n .
Nakayama^^^'"^^ dem onstrated th e  im portant need to  c h a ra c te r is e  the  
o r ig in a l  su rface  com position o f  th e  s t e e l  p r io r  to  co rro sio n . Nakayama 
app lied  tran sm issio n  e le c tro n  d i f f r a c t io n  and c h a r a c te r is t ic  X-ray 
m icroanalysis  to  s tr ip p e d  film s formed on 18% Cr 8 % Ni and 18% Cr 
s ta in le s s  s t e e l  exposed to  w ater a t  573°K. The film s con tained  some 
re so lv ab le  c ry s ta ls  in  an amorphous m atrix . Hie work showed th a t  sp in e l 
s tru c tu re s  were more l ik e ly  to  occur in  deaera ted  w a te r , w h ils t in  the 
presence o f  a e ra te d  w a ter, corundum-type oxides occurred . However, the  
work a lso  showed tlie s tro n g  dependence o f  film  com position on the  o r ig in a l  
su rface  c lean in g  method used p r io r  to  co rro s io n . Three types o f  p o lish in g  
were evaluated  fo r  t l ie i r  p o ss ib le  e f f e c t  on the  f in a l  co rro sio n  product: 
m echanical, chem ical and e lec tro ch em ica l. N ickel was only found in  the  
film s o f  specimens th a t  were d iem ica lly  o r e lec tro ch em ica lly  p o lish ed , 
whereas the  s tru c tu re  o f  th e  p roducts on 18% Cr s ta in le s s  s te e l  was n o t 
e f fe c te d  by su rface  p re p a ra tio n . Hie n ic k e l was found to  s ta b i l i z e  the  
s t ru c tu re ,  such th a t  ho ld ing  tlie s tr ip p e d  film  a t  1273°K fo r  th re e  hours 
d id  n o t o x id ise  the  sp in e l to  corundum oxide.
hums den and Staehle^^^^ in  1972 pub lished  the  f i r s t  Auger E lec tro n  
Spectroscopy (AES) study  on th e  p ass iv e  f ilm  com position o f  s ta in le s s  
s te e l  in  which se v e ra l o f  tlie experim ental l im ita t io n s  mentioned above 
were overcome. I t  i s  w ell known th a t  molybdenum in  s ta in le s s  s te e l  
reduces th e i r  s u s c e p t ib i l i ty  to  p i t t i n g  and c rev ice  co rro s io n , humsden 
and Staehle^^^^ analysed tlie film  formed on such a s t e e l ,  namely type 316. 
The film  was grown p o te n t io s ta t ic a l ly  in  a pH 7 IM NaC£*0.1 M Na^SO^ 
s o lu tio n . Tlie m etal su rface  was cleaned c a tlio d ica lly  in  so lu tio n . Using 
tlie techniques o f  Goswami and Staehle^^^^ e llip so m e tr ic  de term ina tion  o f  
o f  the  oxide film  was estim ated  a t  4 .0  nm. Mild io n -m illin g  enabled a
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chem ical p r o f i le  to  be b u i l t  up, thus avoiding f ilm  s tr ip p in g . Chromium
was found to  be en riched  w ith  re sp e c t to  a llo y  p ro p o rtio n s , w h ils t iro n
and n ic k e l v/ere s l ig h t ly  d ep le ted . S il ic o n  and molybdenum were found to
be ab sen t. The r e s u l ts  c o n tra d ic te d  Rliodin’s^^^'^^^ s tr ip p e d  film
a n a ly s is . Althougli the  two groups o f  workers used d i f f e r e n t  so lu tio n s ,
th e  la rg e  d iscrepancy i s  n o t exp lained  in  terms o f  tlie aggressiveness
o f  the  co rrodan t o r by th e  s e le c t iv e  b o ilin g  o f f  o f  molybdenum o r
s i l ic o n  a t  th e  low p re ssu re  used in  AES (1.333 x 10 ^ N/M^). In  a d d itio n
th e  la ck  o f  molybdenum in  th e  oxide was n o t in  accord w ith  the  suggestion  
( 2 7 ')o f Hoar^ t l ia t  molybdenum may form an ' a c id ic  ’ oxide between the  m etal 
and th e  more ’b a s ic ' iro n  oxide o r th a t  th e  molybdenum may be re sp o n sib le  
fo r  a  g lassy  film  s t ru c tu re .  Such a s tru c tu re  was t h o u ^ t  more s ta b le  due 
to  th e  lower ion  m o b ility  g e n e ra lly  found in  g la sses  compared w ith  
c ry s ta ls  which have d e fe c ts  and g ra in  boundaries.
This e a r ly  paper o f  bums den and Staehle^^^^ in  th e  f i e ld  o f  su rface  
chem ical a n a ly s is  in d ic a te d  th e  p o te n t ia l  value o f  a technique ab le  to  
re v e a l s l ig l i t  co n cen tra tio n  g rad ien ts  and re q u ir in g  no oxide s tr ip p in g . 
However, s to ic h io m e tric  e v a lu a tio n  o f  th e  film  could  n o t be achieved fo r ,  
u n lik e  X-ray p h o t o e l e c t r o n s p e c t r o s c o p y  and s o f t  X - r a y a n a l y s i s ,  
l i t t l e  d is t in c t io n  can be made between s ig n a ls  from o x id ised  and non­
ox id ised  sp ec ies  in  Auger E lec tro n  Spectroscopy.
Owing to  th e  problem o f  ga in ing  d i r e c t  chemical a n a ly s is  o f th e  
p ass iv e  film  e a r l i e r  workers deduced th e  com position from e le c tro n  
d i f f r a c t io n  a n a ly s is  o f  the  s t in c tu r e . Consequently various workers have 
made e le c tro n  d i f f r a c t io n  s tu d ie s  on iron/cliromium a llo y s  w ith  a view 
to  understanding tlie  ro le  o f  chromium in  enhancing co rro sio n  re s is ta n c e  
by vary ing  tlie s tru c tu re  o f  tlie film . This work w i l l  now be reviewed.
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1 .6  COMPOSITIONAL AND STRUCTURAL STUDIES ON THE PASSIVATION OF
STAINLESS STEELS AND IRON CHROMIUM ALLOYS
IvfcBee and Kruger found tl ia t  5% Cr a llo y s  produced a y-Fe^O^ 
la y e r ,  as formed on iro n  under the  same co n d itio n s . As tlie chromium 
co n ten t o f  the  a llo y s  was in c reased , tlie  f ilm s , though p ro te c tiv e , were 
n o t th e  same as those formed on iro n . Hie l a t t i c e  param eter o f  th e  sp in e l 
s tru c tu re  in c reased  w ith  film s on a llo y s  o f  h ig h e r chromium co n ten t, 
suggesting  an iro n  chromium sp in e l s t ru c tu re ,  as opposed to  s o l id  
so lu tio n s  sucli as Fe ^2-x) by Yoam ian e t  a l  which
showed lower l a t t i c e  param eters. The sp in e l was found to  be e p i ta x ia l  up 
to  12% Cr a l lo y s , whereupon ep itax y  and d isce rn ab le  l a t t i c e  s tru c tu re  
s ta r te d  to  d im inish . A ll film s were found to  be ca . 1 .5  nm th ic k  by 
e llip so m etry , and corresponded to  the  same th ickness o f  f ilm  formed on 
iro n  under the  same c o n d itio n s .
I t  would appear th a t  w ith in  tlie c r i t i c a l  range o f  chromium co n ten t, 
e le c tro n  d i f f r a c t io n  a n a ly s is  cannot o f f e r  s t r u c tu r a l  id e n t i f ic a t io n  o f  
th e  film s so as to  enable some im p lic i t  cliemical inform ation  about the  
film s to  be made.
H olliday  and Frankentlial^^^^ ap p lied  th e  same experim ental co n d itions
as McBee and Kruger, and used s o f t  X-ray an a ly s is  to  determ ine bulk
changes in  con p o sitio n  o f th e  a tta ch e d  pass iv e  film s o f  a  s e r ie s  o f
Fe-Cr a l lo y s , thus avoid ing  f ilm  s tr ip p in g  a lto g e tiie r . They found th a t  as
th e  Cr co n ten t o f  the a llo y s  in c reased , so d id  th e  chromium co n ten t o f  th e
film . Above the  c r i t i c a l  12% Cr co n ten t, the  cliromium co n ten t in  tlie
film  a c c e le ra te d , accompanying lo ss  o f  ep itax y  and e le c tro n  d i f f r a c t io n
p a t te rn  fo r  the  film  s t ru c tu re .  At th e  p re sen t time th e  hydrated
T21 221(g e la tin o u s) s tru c tu re  suggested by Rliodin  ^  ^ has not been
in v e s t ig a te d , nor th e  p o ss ib le  ro le  o f  chromium in  such a s tru c tu re  
fu r th e r  been e lu c id a te d .
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1 .7  INCORPORATION OF BOUND WATER INTO THE PASSIVE FILMS
OF IRON AND STAINLESS STEEL
1.7 .1  P a ss iv ity  o f  Iron
Bloom and Goldenburg^^^^ c o rre la te d  a mass o f  d a ta  concerning
hydrated  iro n  oxides and assembled a new model o f  tlie  passive  film
formed on iro n . Hvo p r in c ip a l  fin d in g s  o f t h e i r  survey w il l  be o u tlin e d
h e re . F i r s t l y ,  th a t  y-Fe2 0 ^ could  n o t be generated  in  th e  absence o f
w a te r , nor dehydrated w itliou t conversion to  u-Fe2 0 g. Secondly, th a t
o x id a tio n  o f m agnetite re s u lte d  in  a s tru c tu re  analogous to  LiFe^Og,
suggesting  th a t  pro tons may be occupying the  p o s itio n s  o f  Li and the
a c tu a l c ry s ta l  would be HFe^Og. Hiey suggested t lia t the  film s a re
probably  n o t merely sp in e ls  co n ta in in g  vacanc ies , b u t a re  m odifica tions
o f  th e  Fe^O^ s tru c tu re  in  which pro tons a re  s u b s t i tu te d  fo r  some o f  the
fe rro u s  iro n  and th a t  y-Fe2 0 ^ i s  the  end product o f  such a s u b s t i tu t io n  
2+when Fe i s  dep le ted .
R ad io -trace r work by Yolken, Kruger and C a l v e r t i n d i c a t e d  t l ia t  
some form o f  H i s  p re sen t in  th e  p ass iv e  film  on Fe, and i s  a sso c ia te d  
w ith  th e  o u te r  la y e r . The amount o f  H tl ia t  i s  needed to  s ta b i l i z e  
y-Fe20^ was found to  be th e  same as th a t  c a lc u la te d  by Bloom and 
Goldenburg. Sato^^^^ compared e llip so m e tr ic  measurements w ith  film
measurements estim ated  by catliod ic  red u c tio n , and determ ined an o u te r 
hydra ted  la y e r  o f Y”'Fe2^3  ^  in n er anliydrous y-Fe2 0^ la y e r . Tlie
amount o f  bound w ater in  the  o u te r  la y e r  was seen to  dim inish w ith  the  
low ering o f  pH and w ith  so lu tio n s  co n ta in in g  o th e r  an ions. Anion 
contam ination o f  tlie  f ilm  was n o t ru le d  o u t. S im ila r work was c a r r ie d  
out by Kudo e t  al^^^^ who confirm ed th e  presence o f  bound w ater.
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1 ,7 .2  P a s s iv ity  o f  S ta in le s s  S te e l
Okamoto (20) ,in  a s e r ie s  o f  in v e s tig a tio n s  s tu d ied  the  s t ru c tu re .
com position and thiclcness o f  the  p a ss iv a tin g  film  o f  a  type 304 s ta in le s s  
s te e l  in  su lp h u ric  a c id  by e lec tro ch em is try , in f ra - re d  spectroscopy, 
ra d io - tr a c e r  teclin iques, e llip so m etry  and X-ray ph o to e lec tro n  sp ec tro ­
scopy. A fte r  60 and 120 minutes p a ss iv a tio n  time d i s t in c t  high and low 
p o te n tia l  film s were formed w ith  a  d iv id in g  p o te n tia l  around 0 ,4  V 
(see F ig . 2 ). Numerous changes occurred in  th e  com position o f  th ese  
film s in  th i s  range, e .g .  S0 ^“ anions were d e tec ted  by in f r a - re d  sp ec tro ­
scopy in  tlie  h igh  p o te n t ia l  f ilm , b u t n o t in  th e  low p o te n t ia l  one. 
R ad io -trace r work using  t r i t i a t e d  w ater showed th a t  th e  bound w ater 
co n ten t o f  tlie  low p o te n t ia l  f ilm  was s u b s ta n t ia l ly  g re a te r  than  th a t  o f  
the  higli p o te n t ia l  one. The s u b s t i tu t io n  o f anions fo r  bound w ater is  
suggested  in  the  s tru c tu re  below. I t  would appear t l ia t  Okamoto *s work
('31')e^ g la in s  th e  red u c tio n  in  bound w ater found by Sato^  ^ when anions a re  
p re se n t. The lower p o te n t ia l  film s were found by e llip so m etry  to  be the  
th in n e s t ,  w ith  tlie film s formed a f t e r  1 2 0  minutes be ing  even th in n e r 
than  those formed a t  60 m inutes.
i qnpn - 0 —M—OHOHOlioHQHpM -O -M -O H  0 OH
E < 0 ' 4 V
-anion
0|1 OH OH OH 
- 0 — 0 -  M —OH
R )) ((
•0—M " 0 ~ M —OH 
OH OH OH OH
-a n io n
OHpX OH OH 
-O -^M -O -M -O H0 0 0 bn
E>0*4V
F ig . 2 : Showing the  p o s tu la te d  development o f th e  higli and low
p o te n tia l  f ilm s.
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Using X-ray p h o to e lec tro n  spectroscopy (described  in  Chapter 2 ), 
which i s  a more s e n s i t iv e  and f le x ib le  technique than  s o f t  X-ray 
a n a ly s is , Okamoto was ab le  to  chem ically  analyse th e  a ttach ed  film s to  
a  depth o f  le s s  than  1 .5  nm. I t  was found th a t  the  con ten t o f  chromium 
and n ic k e l r e la t iv e  to  iro n  was markedly in creased  a t  the  d iv id in g  
p o te n t ia l  o f  0 .4  V, and th a t  chromium was g en era lly  enriched  in  the 
lower p o te n t ia l  f ilm s . Tlie chromium enricliment was seen to  in c rease  w ith  
time o f  p a ss iv a tio n .
Conparison o f the  p o la r iz a t io n  curves fo r  s ta in le s s  s te e l  and i t s  
c o n s ti tu e n t elem ents in d ic a te d  t l ia t  the  enricliment o f  chromium in  tlie 
p o te n t ia l  range was l ik e ly  to  be caused by the  s e le c t iv e  d is so lu t io n  o f 
i ro n , which has a h ig lie r p a s s iv a tio n  p o te n tia l  than  chromium, i . e .  
around the  d iv id in g  p o te n t ia l  0 ,4  V. The w ater was thought to  be bound 
to  the  chromium as i t  was en riched  in  the  th in n e r chromium r ic h  f ilm s.
Okamoto in  t l i is  work had been ab le  to  uncover what could be the  
main ro le  o f chromium in  th e  p a s s iv i ty  o f  s ta in le s s  s t e e l ,  i . e .  th a t  the  
chromium oxide formed an amorphous ge l w itli tlie bound w ater, H iis  gel 
was b e liev ed  to  age w ith  p a s s iv a tio n  tim e, i . e .  to  in c rease  i t s  con ten t 
o f  oxygen an ions, through a p rocess o f  depro tonation  o f  i n i t i a l  
hydroxo-bridges (-HO-M-OH-) to  oxo-bridges (-0-M -0-)(see F ig . 3 ) .
Okamoto agreed w itli S a to , who suggested th a t  tlie  bound w ater w i l l  
tend  to  hydra te  m etal ions d is so lv in g  a t  breakages in  the film  and 
reform , forming f i r s t  hydroxo-bridges followed by more s ta b le  oxo-bridges 
below a p ro te c tiv e  film , Okamoto a lso  b e liev es  th a t  breakdown o f 
p a s s iv i ty  may be due to  th e  low ering o f  tlie  bound w ater co n ten t, th e re fo re , 
s e l f - r e p a i r in g  o f  tlie film  would be decreased on low ering tlie chromium 
co n ten t in  the  film , Tlie way in  which c lilo ride  anions can a t ta c k , and 
lower co rro sio n  re s is ta n c e ,  i s  suggested  in  the  f ig u re  below.
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F ig , 5 ; M etal ions d isso lv ed  through th e  undeveloped p a r t  in  the 
film  (a) a re  cap tured  to  form the  film  ( a ’) due to  the  
b rid g in g  o f  OH bond surrounding  the  p a r t .  C hloride ions 
rep lac in g  w ater m olecules (b) in h ib i t  tlie  b rid g in g  
re a c tio n  (b ’ ) ,  r e s u l t in g  in  tlie  brealcdown o f th e  film .
C hloride ions a re  shown to  rep lace  th e  bound w ater in  the  l a t t i c e ,  
and, when d is so lu t io n  occurs a t  an anodic break  in  th e  f ilm , in s te a d  o f  
h y d ra tio n  o ccu rrin g  and ev en tu a lly  bonding, tlie c h lo rid e  complex which 
i s  formed i s  then  leached ou t o f  th e  film  in s te a d .
From Okamoto’s work we may assume th a t  th in n e r , more co rro sio n  
r e s i s t a n t  film s a re  produced when th e  chromium co n ten t i s  enriched  due 
to  a  concurren t in c rease  in  the  degree o f  bound w ater. I t  appears from 
H olliday  and F ran k en tlia l's  work t l ia t  film s become e sp e c ia lly  enriched  
w ith  cliromium in  a llo y s  having g re a te r  than 12% Cr, and th a t  i t  i s  the  
e f f e c t  o f  chromium and bound w ater w ater enrichm ent t l ia t  produces the
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amorphous ^  g lassy  o r m ic ro -c ry s ta ll in e  (the  s tru c tu re  is  uncertain.) 
s t r u c tu r e .
1 .8  INTHRMEDIATE HYDRATED PHASES IN THE FORMATION OF IRGNETITE
The bonding arrangem ent o f  the  pass iv e  film s formed on s ta in le s s  
s t e e l  suggested  in  F ig , 2 i s  analogous to  the  mechanism o f  growtli o f  the  
green ru s ts  formed on iro n , and may suggest th a t  the  mechanism o f  film  
form ation on iro n  i s  n o t q u ite  as s tra ig h tfo n v a rd  as suggested in  the  
o r ig in a l  papers o f  Cohen.
The two main green ru s ts  a re  c la s s i f ie d  as green r u s t  I and I I  
re s p e c tiv e ly , and a re  known to  form in  th e  presence o f  CJl , SO  ^ and 
d isso lv ed  oxygen. They may be formed d ir e c t ly  from Fe (OH)  ^ o r v ia  a green 
complex. A re a c tio n  p a th  diagram . F ig . 4, a f t e r  Misawa e t  shows
the  com plexity o f  tlie ro u tes  a v a ila b le  fo r  the form ation o f  m agnetite by 
tlie  o v e ra ll  re a c tio n  (c ) . S ec tion  1 .3 .  Hie green ru s ts  a re  c r y s ta l l in e ,  
u n lik e  green complexes.
The general formulae fo r  th e  green r u s t  I I  and green con^lex I I  
a re  given below;
Green complex I I :  Fe^* Fe?^ Ox(OH)L  ^ y.
(5-2x-y)
Green r u s t  I I :  2 (OH)j 4 Fe^* (OH)^ Fe^'^S0 ^-XH20
These s tru c tu re s  have a m ixture o f  ’hydroxo' and 'oxo'  b ridges 
s im ila r  to  co o rd in a tio n  polym ers. Misawa e t  who have s tu d ied
tlie  chem istry o f  iro n  so lu tio n s  a t  298^K under deoxygenatod co n d itio n s , 
suggest t l ia t  m agnetite may form in  so lu tio n  v ia  a green r u s t  o r a complex 
phase, and th a t  sucli re a c tio n s  were a ffe c te d  by pH and a e ra tio n . In  
n e u tr a l ,  h igh p u r ity  w a ter, tlie  necessary  anions to  form the  green ru s ts
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I and I I  a re  no t p re se n t. However, under such co n d itions one re a c tio n  
p a th  to  m agnetite remains open according to  t h e i r  work -  the  ro u te  v ia  
the  dark red  coiiplex phase.
tr-FeOOH
*-FeOCH
rusi I
y-FeOOH---
0 OH
Fe'+Fe” 0
Groeti complex
J  L
(  )  Solid sp e c ies
1 I Dissolved species
Solid s to le  reaction or reoction in solution
e - P rec ip itatio n
 ► Dissolution endreprecipi lotion
 D issolu tion
V — Violent oxidation
0 — Aerotion
Of : Rapid
0,  ; Slow
^  O t r - 0 H “ OddifioftC.%;wphws
' G.C. I  — Green complex IFetDa-Fedn),
A u - - G.CH “  Green complex J5 
F e (H ),“ F e(ül),
D.R.C. — Dork red complex  ^[Fe(H),Fcm),0.(0H)^ „.„i 
Amorphous oxyhydroxide 
FeO.
0.33 0.5 067 0.75 1,0
F ig . 4 ; Schematic diagram o f  form ation p rocesses o f  in te rm e d ia te s , 
oxide and oxyhydroxides o f  iro n  in  aqueous so lu tio n s  a t  
room tem peratu re. In  g en e ra l, pH decreases w ith  the  
p rog ress o f  o x id a tio n . However, l in e s  d ram  p a r a l le l  to  
tlie o rd in a te  do n o t mean th e  n e c e s s ity  o f  pH diange un less 
OH ad d itio n  i s  s ta te d .
For such a re a c tio n  ro u te  i n i t i a t e d  in  a n e u tra l  s o lu tio n , a 
depression  in  pH to  pH 3 i s  needed a t  the  m e ta l/so lu tio n  in te r fa c e . As 
rep o rted  above, Linnenbom^^^ deduced from pH and s o lu b i l i ty  changes tlia t
Fe(OH) 2 formed on th e  su rface  o f  iro n  in  deoxygenated w ater a t  298°K,
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Hie in i t ia l ,  form ation o f th i s  compound a t  one a c tiv e  s ig h t  would produce 
a lo c a l decrease in  pH. Hie e x tra  supply o f  |H*| would be needed to  
enhance tlie  catliodic re a c tio n  and tlius f a c i l i t a t e  anodic d is so lu t io n  o f  
re a c tio n  (c) mentioned above. In  F ig . 4 i t  w il l  be seen th a t  a depression  
in  pH to  -3 .0  i s  accompanied by th e  |H^||Fe^^|: |Fe^^| r a t io  o f 0.67.  S o lu tion  
refreslim ent o r io n ic  d if fu s io n  would be s u f f ic ie n t  to  r a is e  tlie pH 
environment o f  tlie Fe^^ and Fe^* spec ies  to  form the  'd ark  red  com plex'. 
H iis  complex must then  be n e u tra l is e d  to  form tlie  s ta b le  m agnetite 
end-product.
Hie re a c tio n  may be expressed  as fo llow s:
7 a -  "Za. 2mFe^ F e" + 2NDH- ^  mFe^O, + ( 4 - x ) n « 2 0
DARK RED C{M>LEX
Hie necessary  pH v a r ia t io n s  needed fo r  th i s  re a c tio n  would be 
p re sen t in  the  immediate la y e rs  o f  so lu tio n  over th e  su rface  o f  tlie m eta l. 
Indeed such co n cen tra tio n s  o f  |0H | over c a tlio d ica lly  p o la r iz e d  s i t e s  
would encourage m agnetite p re c ip i ta t io n .  However, i t  should be noted  
th a t  a  la rg e  pH v a r ia t io n  i s  n o t re q u ired  to  convert th e  green ru s ts  in to  
m ag n etite .
However, th ese  re a c tio n  ro u tes  to  m agnetite form ation on iro n , are
k in e t ic a l ly  dependent upon th e  so lu tio n  d if fu s io n , and a rc  n o t c o n s is te n t
ri31w ith  the  very  higli p a ss iv a tio n  ra te s  found by Kruger and Ambrose.^  ^
However, re cen t work by McGill and McRnaley^^^^ has le d  to  the  ob serv a tio n  
o f  a  t l i i r d  type o f  green ru s t  th a t  i s  independent o f  |S0,^ | ,  |C£~| and 
d isso lv ed  oxygen co n cen tra tio n . In  a d d itio n , t l i is  new green ru s t  has 
shown e p i ta x ia l  o r to p o ta c tic  m agnetite form ation, i . e .  a s o l id - s ta te  
growtli meclianism. Hie d iscovery  o f  th i s  green r u s t  opens up the
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p o s s ib i l i ty  th a t  a p ass iv e  f ilm  o f  th i s  spec ies  o f  green ru s t  may form
e x p ita x ia l ly  on iro n  in  deoxygenated w ater, very  ra p id ly , ageing to  the
r i 2imore s ta b le  m agnetite s t ru c tu re  -  c o n s is te n t w ith  C ohen's- e a r ly  
work. This could  be follow ed by Fe^* d iffu s io n  through th e  prim ary 
la y e r  to  produce an o u te r  la y e r  o f  so lu tio n  p re c ip i ta te d  m agnetite  v ia  
th e  dark re d  complex ro u te  suggested  by Misawa et. This
second re a c tio n  ro u te  producing the  o u te r  la y e r  i s  c o n s is te n t w ith  
Sato's^^^^ o b servation  t l ia t  th e  o u te r  (yFe^O^ s tru c tu re  i s  based
on th a t  o f  Fe^O^) la y e r  th ick en s w ith  in c rease  o f  pH. In  ad d itio n  one 
mi gilt expect from th e  ageing o f  the  in n e r la y e r , to  f in d  a h ig h er p ro ton  
co n cen tra tio n  in  th e  o u te r  la y e r ,  and a h igher degree o f  bound w ater in  
th e  o u te r  p re c ip i ta te d  la y e r .
1 .9  CONCLUDING REMARKS
High p a ss iv a tio n  ra te s  have been found fo r  s ta in le s s  s t e e l s ,  
corresponding to  the  same o rd er o f  magnitude as fo r  m ild  s t e e l .  Hence, 
th e  i n i t i a l  p assiv e  f ilm  may w e ll undergo a ra p id  s o l id - s ta te  to p o ta c tic  
o r  e p i ta x ia l  growth mechanism analogous to  the  form ation o f  m agnetite on 
iro n  v ia  th e  green r u s t  phase. The ageing o f  t l i is  i n i t i a l  f ilm  seems, 
from Okamoto ' s work, slow est fo r  the  film s o f  h ig h e r chromium 
c o n ten t, and th a t  th e  re te n tio n  o f  bound w ater may w ell be im portant to  
re p a ss iv a tio n  a t  anodic breaks in  th e  film . The s ta b i l i z a t io n  o f the  
bound w ater in  th e  f ilm  s tru c tu re  appears to  be dependent, th e re fo re , on 
th e  chromium con ten t and, from H olliday  and Franlcentlial ' s work, i t  
would appear th a t  such s ta b i l iz in g  can only be a ffe c te d  by a c r i t i c a l  
cliromium co n cen tra tio n  in  tlie  f ilm . I t  would appear th a t  i t  i s  n o t th e  
in c reased  enricliment o f  chromium in  th e  film s beyond the  12% Gr a llo y s  
t l ia t  causes lo ss  o f  ep itax y  and w e ll-d e fin ed  c r y s ta l1 i n i ty ,  found by 
McBee and Kruger, b u t tlie co n jo in t e f f e c t  o f chromiLun re ta in in g  tlie 
bound w ater in  tlic f ilm , more e f fe c t iv e ly .
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Hie development o f a  c r y s ta l l in e  f ilm , tlie re fo re , seems iiili ib ite d  
by tlie  re te n tio n  o f bound w ater. Sucli a f ilm  would be presumably le s s  
l ik e ly  to  form an e f f i c i e n t  d if fu s io n  pa th  fo r  fe rro u s  io n s . I t  i s  
in te r e s t in g  to  sp ecu la te  th a t  such ageing may be a c c e le ra te d  in  w ater by 
r a is in g  tlie tem peratu re, thus f a c i l i t a t i n g  a more ordered  in n e r 
s tru c tu re  to  th e  f ilm  w ith  e a s ie r  d if fu s io n  and f in a l  re le a s e  o f  fe rro u s  
ions from the film . Such iro n - re le a s e  would be b e s t  examined by vai^dng 
te n p e ra tu re  and refreshm ent r a te .  From McDonald e t  al^^^^ i t  would 
appear th a t  in  n e u tra l  s o lu t io n , th e  s o lu b i l i ty  o f  iro n  w i l l  be g re a te s t  
in  th e  range 373 473^K; C astle  and Wanlcling e t  al^^^^ have rep o rted
th e  im portant need to  study the  iro n - re le a s e  process in  tl i is  ten p era tu re  
range. I t  would be in te re s t in g  th e re fo re  to  see i f  th e  re le a s e  o f  iro n  
to  so lu tio n  i s  a maximum in  s ta in le s s  s te e l  as w e ll as fo r  iro n  in  t l i is  
tem perature range, and to  c o r re la te  th i s  fin d in g  w ith  the  chromium and 
bound w ater con ten ts  o f  the  p ass iv e  film .
Hie e a r ly  X-ray p h o to e lec tro n  spectroscopy study o f  Okamoto,^^^^ 
t h o u ^  crude in  terms o f  th e  f u l l  p o te n t ia l  o f  such a techn ique, has 
shown tlia t  th i s  technique can give very  d e f in i te  loiowledge o f  the  
co n position  o f  very  t l i in  f i lm s . Mien used w ith  an ion-gun to  remove 
successive  la y e rs  o f  the  f ilm , th e  technique should y ie ld  v a r ia tio n s  in  
com position through tlie  film . In  a d d itio n  to  c h a ra c te r is in g  the  cleaned 
m etal su rfa c e , say p repared  by ion  m illin g , to  study com positional clianges 
in  p ass iv e  film s under d i f f e r e n t  cond itions o f  c o rro s io n , tlie  ted in iq u e  
should be ab le  to  y ie ld  such s t r u c tu r a l  inform ation  as f ilm  th ic lo iess 
and u n ifo rm ity , i . e .  w hether lay ered  o r is la n d  growtli has occurred . I t  
i s  th e re fo re  proposed to  exp lo re  as f a r  as p o ss ib le  in  a s tudy  o f  t l i is  
n a tu re  tlie f u l l  use o f  XPS to  gain  d iem ical and s t r u c tu r a l  in s ig lit in to  
tliese iiip o rtan t pass iv e  film s.
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In  the  nex t s e c tio n  in  t l i is  th e s is  an in tro d u c tio n  to  the  b a s ic  
th eo ry  underly ing  th e  technique o f  XPS w il l  be given, follow ed by an 
o u tl in e  o f  some o f  tlie problems th a t  a study o f t l i is  n a tu re  would 
encounter.
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2 .0  ESCA THEORY
2.1 INTRODUCTION
ESCA (E lectron  Spectrom eter fo r  Chemical A nalysis)
The technique owes i t s  development to  Swedish p h y s ic is t  Kai 
Siegbahn^^^^ and h is  co lleag u es . Siegbalm f i r s t  improved a b e ta -ra y  
spectrom eter fo r  measuring core e le c tro n s , and th en , in  o rd e r to  o b ta in  
w ider a p p lic a tio n  to  d iem is try , devised an e le c tro n  spectrom eter using  
an X-ray source. Hie b a s is  o f  tlie technique i s  the  exam ination o f the  
energy spectrum  o f  ph o to e lec tro n s  em itted  from a source under the  
in flu en ce  o f  the  X-ray beam. The s p e c tra l  peaks have p o s itio n s  
c h a r a c te r is t ic  o f  s p e c if ic  quantum s ta te s  in  s u b -o rb i ta ls ,  and thus by 
tlie  P au li Exclusion p r in c ip le  we have a means o f  e s ta b lis h in g  the  
su rface  atomic sp ec ie s . Also in  many cases d is c re te  s p e c tra l  s h i f t s  due 
to  red u c tio n  o r o x id a tio n  can be d e tec te d . The sampled deptli i s  commonly 
up to  2 nm fo r  ino rgan ic  o r up to  1 0  nm fo r  o rgan ic  conpounds and v a rie s  
according to  th e  o rd e r o f  magnitude o f  the  p h o to e lec tro n  energy.
In  a d d itio n  to  p h o to e lec tro n  e je c t io n , e le c tro n  d e e x c ita tio n  i s  
l ik e ly  to  occur, which, as w i l l  be seen l a t e r ,  can r e s u l t  in  an Auger 
e le c tro n  t r a n s i t io n .  ESCA th e re fo re  o f fe rs  two main s p e c tra l  s e r ie s  fo r  
the core le v e l :  X-ray P h o toe lec tron  Spectra  (XPS) and Auger E lec tro n  
Spectra  (AES). Many commercial instrum ents a lso  p rovide a low energy 
photon source su d i as u l t r a - v i o le t  (UV), which produces u l t r a - v io le t  
ph o to e lec tro n  sp e c tra  (UPS) o f  th e  vadence band as w ell as Auger Spectra  
o f  the  same reg ion . UPS was f i r s t  developed by Turner e t  al^^^^ fo r  
gases and was o r ig in a l ly  c a l le d  P ho toelec tron  Spectroscopy (PES) -  an 
acron>’m which w i l l  be dropped in  th is  te x t  to  avoid p o ss ib le  confusion.
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2.2 THEORETIC/vL BACKGROUND
2 .2 .1  The e le c tro n  p rocesses and tlne ir uses
E lec tro n  e je c tio n  and e le c tro n  d e e x c ita tio n  a re  tifo fundamental 
p rocesses l ik e ly  to  occur in  e le c tro n  spectroscopy. A b r i e f  o u tl in e  
w i l l  now be given.
The main e le c tro n  processes may be summarised as fo llow s:
E lec tro n  E jec tio n
(1) P h o to io n iza tio n
A + hv^ a’*'* + e~
(2) E lec tro n  Bombardment
. — . +* , — —A + e^ -5- A ®2
E lec tro n  D eex c ita tio n
(3) X-ray em ission
A"*"* A" + hv^
(4) Auger em ission
+ *  . + +  —A A + e^
2 .2 .2  P h o to io n iza tio n
P h o to io n iza tio n  re q u ire s  t l ia t  tlie in c id e n t energy be g re a te r  tlian 
tlie e le c tro n  b ind ing  energy. Consequently UV r a d ia t io n  ca . 20 eV w il l  
e je c t  the  o u te r  ly in g  e le c tro n s  whereas X -rad ia tio n  ca . 1500 eV w il l  
e je c t  tlie tig lite rb o iu id co re  e le c tro n s  as w e ll. F ig . 1 shows tlie process 
o f  p h o to -e je c tio n  o f  tlie  K e le c tro n  and the  and s h e l l s .
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F ig . 1 : P h o to e lec tro n  e je c t io n  from s o lid s
hole
s t a t e s
2 .2 .3  E lec tro n  bombardment
E lec tro n  bombardment r e s u l ts  in  lo sse s  in  k in e t ic  energy o f  the  
bombarding e le c tro n . The sim ple model o f  e le c tro n  s c a t te r in g  in  XPS 
proposed by B a e r e t  a l  suggests th a t  when s c a t te re d  e lec tro n s  a re  
d is t r ib u te d  over a  la rg e r  energy range, they w il l  co n trib u te  l i t t l e  to  
tlie prim ary peak (see F ig . 2 a ) .
In  F ig . 2b below, the  d is t r ib u t io n  o f  s c a t te re d  e lec tro n s  is  
seen  to  be sm a lle r , producing a la rg e r  d is to r t io n  in  the  prim ary peak. 
For th e  deeper ly in g  core e le c tro n s  analysed by XPS, the  d is t r ib u t io n  
o f  s c a tte re d  e lec tro n s  i s  la rg e r  because o f  the  g re a te r  v a r ie ty  o f  
s c a t te r in g  mechanisms. Consequently, th e  la rg e r  energy lo sse s  tend  to  
l im i t  tlie  importance o f  tlie sm alle r e le c tro n  lo s s e s ,  though in c reas in g  
the  to t a l  nurber o f  s c a t te re d  e le c tro n s . Hie summed component o f  many
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F ig . 2 : D is tr ib u tio n  (I^) o f  e le c tro n s  emerging from a  sample
c a lc u la te d  as th e  sum o f  e le c tro n s  which have been s c a t te re d  
n  tim es n  = 0 ,1 ,2 ) .  U nscattered  e le c tro n s  are  assumed 
to  have a L oren tz ian  d is t r ib u t io n  w ith  BVHM = 2F. In  (a) i t  
i s  assumed th a t  upon each s c a t te r in g  th e  e le c tro n  lo ses  
energy between 0 and 25 r  and w ith  a co n stan t p ro b a b ili ty  in  
th is  in te r v a l .  In  (b) th e  corresponding range i s  0-10
c o l l i s io n s ,  rep resen ted  by I^  in  the  f ig u res  above, a re  c a lle d  energy 
lo ss  t a i l s .  This skewness in  th e  main peak h inders  the  measurement o f 
the  main peak h e ig h t and th e re fo re  background su b tra c tio n  i s  u su a lly  
c a r r ie d  out p r io r  to  measuring th e  peak h e ig h t. In ad d itio n  sm aller 
d is to r t io n s  on th e  h igh  k in e t ic  energy s id e  may occur, which re p re sen ts  
energy lo sse s  from a h ig h e r k in e t ic  energy pealc.
A study by S w i n g l e o n  g ra p h ite , a conductor,and po lyetliy lene , 
an in s u la to r ,  has shown th a t  tlie g rap h ite  peaks show a h ig h er degree 
o f  s c a t te r in g  than  fo r  p o ly e th y len e , probably due to  the  in te ra c t io n s  o f  
pho to e lec tro n s  w itli th e  conduction band e lec tro n s  (see F ig . 3 below ).
This example serves to  in d ic a te  th a t  energy lo ss  t a i l s  can be a p o te n tia l
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source o f  im portant m a te ria l in fo rm ation , enabling  in  th is  case a 
d is t in c t io n  to  be made between ph o to e lec tro n  peaks having the  same 
b ind ing  energy o f  This i s  an a rea  o f XPS th a t  has y e t  to  be f u l ly
developed.
GRAPHITE
F ig , 5 : p h o to e lec tro n  peak-shapes in  g rap h ite
and po lyethy lene
The re la t io n s h ip  between th e  mean fre e  p a th  o f  e lec tro n s  and 
th e i r  k in e t ic  energ ies  follow s approxim ately th e  r e la t io n s h ip  o f th e
curve below (44) A more accu ra te  in te rp re ta t io n  would req u ire  a band
IQO
Â
io
IQ 1DO
eV
1 0 0 0 1 0  OOO
Fig. 4 ; Experim ental de term inations o f  A in  XPS (X), UPS (0) and AES (A) (44)
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ra th e r  than  a curve to  be d ra m . H o w ev e rtlie  various groupings o f  d a ta  
fo r  UPS (0 ) , XPS (X) and M S (A) suggest t l ia t XPS i s  in  tlie  reg ion  o f  
>1 , 0  run.
More w i l l  be s a id  l a t e r  on th e  mean free  p a th s .
2 .2 .4  Ele c tro n  d e e x c ita tio n  p rocesses
Two d e e x c ita tio n  p rocesses w i l l  be d e a l t  w itli h e re : Fluorescence 
and Auger E lec tro n  t r a n s i t io n s .
As seen below in  F ig . 5 a low ly in g  e le c tro n  vacancy can be f i l l e d  by 
tlie d e ex c ita tio n  o f  an e le c tro n  from a h ig h e r s t a t e  and can r e s u l t  in  e i th e r  
a  d is c re te  X -rad ia tio n  em ission corresponding to  tlie energy le v e l t r a n s i t io n  
which i s  loiown as F luorescence o r ,  an e le c tro n  i s  re le a se d  from a h ig h e r o r 
degenerate  le v e l to  t h a t  o f  th e  d eex c itin g  e le c tro n , knom  as an Auger 
e le c tro n .
Is
Emission
Erv i^SSion
ik
( hole, s t a t e s )  
 (Ms)
(M4)-e> a®
  (M3 IP Vz (Mz)
KLM Auger Electron 
Emission •iS‘/ i .
>P3/z IL3) 
iLz)
( t |)
KLL Auger 
Electron Em ission
prim ary
V acancy (K)
5 : E lec tro n ic  d e e x c ita tio n  p rocesses fo r  atom co n ta in ing
prim ary vacancy.
- 26 “
Fluorescence i s  ty p if ie d  by the  3d Is  t r a n s i t io n  r e s u l t in g  in  Kg 
X-ray em ission, and by 2p Is  t r a n s i t io n  r e s u lt in g  in  K^.
Tlie KLM Auger e le c tro n  em ission i s  due to  a 2p ^  Is  t r a n s i t io n  and a 
3p em ission. S im ila r ly  KLL Auger e le c tro n  em ission i s  due to  a  2p Is  
t r a n s i t io n  and a 2p em ission.
Tlie Auger p rocess i s  b a s ic a l ly  an in te rn a l  p rocess and th e re fo re  i s  
independent o f  the s tre n g th  o f  th e  X-ray energy. A re c ip ro c a l r e la t io n ­
sh ip  has been found to  e x i s t b e t w e e n  these  two p ro cesses . IVhereas 
fluo rescence  y ie ld s  a re  low est fo r  low atomic number sp ec ies  and h ig h e s t 
fo r  the  h ig h e r atomic nunher sp e c ie s , th e  rev erse  behaviour i s  found fo r  
th e  Auger e le c tro n  y ie ld s .  This i s  shorn below in  F ig . 6 . In  c o n tra s t  
to  th ese  teclm iques XPS can measure any element th a t  has a core s h e l l ,  
i . e .  a l l  elem ents o f  Z > 2.
I
I
I
3S
Fig . 6 ; X-ray fluo rescence  y ie ld  and Auger e le c tro n  y ie ld  in  the  
K s h e l l  as a fu n c tio n  o f  atomic number Z fo r  the  l ig h t  
elem ents in  th e  P e rio d ic  System.
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2 .2 .5  Measurement o f  b in d in g  energ ies
A fu r tlie r  energy diagram i s  shown below to  s im p lify  the  
ex p lan a tio n .
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Fig , 7 : Energy co n sid e ra tio n s  in  measurement o f
e le c tro n  b ind ing  en e rg ie s .
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Tqp = k in e t ic  energy o f  photo e je c te d  e le c tro n s  in  
th e  v ic in i ty  o f  th e  spectrom eter 
= re c o i l
The energy le v e ls  a re  shown fo r  an in s u la to r ,  fo r  example an oxide 
f ilm  on s ta in le s s  s t e e l ,  and th e  spectrom eter i s  assumed to  be in  tlie 
m e ta ll ic  s t a t e .
For e je c tio n  o f  a core e le c tro n  as in  XPS the  in c id e n t plioton 
energy w i l l  be d is t r ib u te d  in  fo u r p rocesses :
(1) The b ind ing  energy r e la t iv e  to  th e  Fermi le v e l ,  which i s  
u ltim a te ly  measured by th e  spectrom eter.
(2) The work fu n c tio n  (j)^  o f  th e  sample, which i s  the  energy 
necessary  to  r a is e  th e  e le c tro n  from the Fermi le v e l to  the  
fre e  e le c tro n  s t a t e .
(3) Hie r e c o i l  energy E^, r e s u l t in g  from the  co n serva tion  o f  
momentum in  th e  photo e je c t io n  p ro cess , which i s  g re a te s t  a t  
low atomic m asses. Table 1 , reproduced from Siegbahn^^^^ shows 
th a t  fo r  AIK^, ., used in  th i s  work, th e  r e c o i l  energy i s  
n e a r ly  zero .
Table 1 : Maximum R ecoil Energies (ev)
Z AgKa CuKa AlKa
H 1 16. 5 - 0 .9
Li 3 2 0 . 8 0 . 1
Na 11 0 .7 0 . 2 0.04
K 19 0.4 0 . 1 0 . 0 2
Rb 37 0 . 2 0.06 0 . 0 1
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(4) K in e tic  energy o f  e le c tro n  in  th e  f re e  space a f t e r  leav ing  
tlie  sample. Hie k in e t ic  energy o f the  e le c tro n  a f t e r  passin g  
through the  work fu n c tio n  p o te n t ia l  g rad ien ts  o f  (j)^  and cj)gp 
w il l  r e s u l t  in  re ta rd a tio n  o r a c c e le ra tio n  from and Tgp.
Hius the  b ind ing  energy can be ob tained  from:
\  = hv “ (f)gp -  Tgp -
I t  i s  u su a lly  n o t necessary  to  know the  work fu n c tio n  o f  the  
spectrom eter fo r  conqparative chemical in form ation . The main 
u n c e r ta in ty  in  E^ comes from hv measurement, as tlie b ind ing  
energy o f  th e  core e le c tro n  i t s e l f .
2 ,2 .6  Concluding remarks
For th e  purpose o f  chem ically  analysing  the p ass iv e  film s foimed on 
m e ta ls , XPS appears to  be o f  more p r a c t ic a l  use tlian e i th e r  UPS o r AES, 
UPS gives bonding in form ation  by d e sc rib in g  th e  o r b i t a l  v a r ia tio n s  in  th e  
valence band, a reg ion  where tlie energy s ta te s  a re  ty p ic a lly  rep resen ted  
as broad envelopes having le s s  d is c re te  d e f in i t io n  tlian the  core s t a t e s ,  
measured by XPS and AES. Since th e  p ass iv e  la y e rs  on s ta in le s s  s te e l  a re  
n o t th ic k  compared w itli the  sampled depth (60% o f  tlie ph o to e lec tro n  
s ig n a l i s  ob ta ined  from th e  top  1 nm a t  k in e t ic  en erg ies  o f  1 0 0 0  ev) 
tlie s ig n a l from th e  f ilm  must be sep a ra ted  from th a t  o f the  underly ing  
m etal by deconvolution o r curve re so lv in g  o f  tlie  ap p ro p ria te  s p e c tra . 
A d d itio n a lly , i t  i s  l ik e ly  t l ia t  th e re  w il l  be co n cen tra tio n  g rad ien ts  
w ith in  tlie sampled depth . For tliese  reasons i t  seems th a t  su rface  
an a ly s is  i s  l ik e ly  to  be more e a s i ly  achieved by means o f  XPS ra th e r  than  
w itli AES s in c e , fo r  th e  t r a n s i t io n  elem ents the  ’chemical s h i f t s ’ o f  the 
sp e c tra  a re  g re a te r  w itli the  former t e c h n i q u e . T h e  XPS s h i f t  i s  
more e a s i ly  measured because, whereas tlie  Xl^ S process depends on only
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one core e le c tro n  being  e je c te d , th e  Auger process i s  dependent on tliree  
e le c tro n s  fo r  the f in a l  e je c t io n . The s p a t ia l  re s o lu tio n  o f  AES i s  o f  
l i t t l e  advantage in  th e  s tudy  o f  p ass iv e  film s. At p re se n t no d a ta  i s  
a v a ila b le  to  compare th e  lo c a l ra d ia t io n  dose o f  eacii system . However, 
th e  Auger e le c tro n  sp e c tra  a re  produced fo r  fre e  by th e  ESCA system along 
w ith  XPS sp e c tra  and, because th e  Auger e le c tro n  sp e c tra  a re  n o t d i r e c t ly  
dependent on the  source o f ra d ia t io n ,  they may serve as u se fu l s p e c tra l  
s tandards in  any an a ly s is  where d i f f e r e n t  ra d ia tio n  sources are  used.
The chem ical s h i f t s  o f  Auger sp e c tra  fo llow  d i f f e r e n t  ru le s  from X-ray 
ph o to e lec tro n  sp e c tra  and indeed th e  t r a n s i t io n  s e r ie s  show no ap p rec iab le  
s h i f t s ,  hence, th is  p ro p e rty  o f  Auger l in e s  can be o f  value in  determ ining 
chemical s h i f t  when charg ing  occurs.
2 .3  INTERPRETATION OF XPS SPECTRA
2 .3 .1  P ho toelec tron  pealc p o s i t io n  and p ro f i le
Below a re  shown th e  Binding Energy values fo r  m etal and m etal oxide 
2p 3 / 2  peaks, talcing th e  C^^ peak p o s it io n  a t  283.7 ev. The change
o f  peak p o s it io n  between th e  m e ta l l ic  and ox id ised  s ta te s  i s  c a l le d  the  
’chemical s h i f t ’ . In  th e  cases mentioned below th e  s h i f t  i s  p o s i t iv e .
Table 2
M etal BE (ev) ZpS/g Oxide BE (ev) ZpS/g AE (ev)
Cr 572.5 ^^2^3 575.0 + 2.3
Mn 640.3 MnOg 642.5 + 2,5
Fe 706.0 ^®2^3 710.2 + 4 .2
Ni 851.6 NiO 854.1 4* 2.5
Cu 930.9 CuO 931.7 + 0 . 8
Zn 1 0 2 1 .1 ZnO 1021.3 + 0 , 2
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N egative s h i f t s  a re  found w itli in c rease  in  tlie o x id a tio n  s ta t e  o f  
an anion. Of re levance  to  t l i is  work i s  the  example o f  0^^ peak s h i f t :
(49)OH 531.5 
0^- 529.7
2 .3 .2  A model fo r  in te rp re t in g  o x id a tio n  s t a t e  s h i f t s
The 'sim ple io n ic  model' p o s tu la te d  by Siegbahn e t  al^^^^ considers 
th e  valence s h e l l  as a  sp h e r ic a l envelope having a cliarge q removed to  an 
in f i n i t e  d is ta n c e . Hence, tlie p o te n t ia l  energy o f th e  in n e r (core) 
e lec tro n s  w i l l  be given by:
E = ^  where r  = rad iu s  o f  valence s h e l l
I f  r  = 0 .1  nm, th e  r e s u l t  E = 14 ev i s  found, which i s  too h igh  fo r  
u n i t  d ia rge  removal. Here, th e  erroneous assumption i s  th a t  the  valence 
e le c tro n s  are  removed an i n f i n i t e  d is tan ce  when in  r e a l i t y  tliey would be 
expected to  move to  th e  c o u n te r-io n .
Assuming an in te m u c le a r  d is ta n ce  R, then:
AE =
fo r  core e lec tro n s  where the  opposite  s ig n  i s  used fo r  tlie  two atoms
When A^^'B ^ ions a re  arranged in  a  c ry s ta l  l a t t i c e  th e re  i s  ex erted  
LÇ)on the  core e lec tro n s  a  coulombic fo rce  from tlie o th e r  io n s . A 
Made lung co n s ta n t, a , is  thus added:
AE - 1  ^ _ a r  R q
Common values fo r  the  Made lung co n stan t are  1.7 fo r  5 a .u . n e a re s t 
neiglibour d is ta n c e s . S i e g b a h n e v e n t u a l l y  a rr iv e d  a t  5 ev per u n it
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d ia rg e . This h igh  value i s  due to  th e  om ission o f  valence o r b i ta l  
overlap  o r p e n e tra tio n  which would tend  to  change * r ' .  The model 
th e re fo re  more ap p lic ab le  to  io n ic  c ry s ta ls  ra th e r  than, o rgan ic  compounds 
I t  i s  because t l i is  work i s  p r im a rily  concerned w ith  oxides such as Cr^O^, 
Fe^O^, e tc .  which are  io n ic  compounds, t l ia t  th i s  sim ple model has been 
adopted throughout th is  work.
The ’s in g le  io n ic  model’ o f  th e  ’diem ical s h i f t ’ suggests th a t  as 
e lec tro n s  a re  removed from tlie valence s ta t e  so tlie n u c lea r f i e ld  has a 
g re a te r  e f f e c t  on tlie  rem aining e le c tro n s  as th e  re p u ls iv e  sh ie ld in g  
becomes sm alle r . Consequently the  mean rad iu s  o f  th e  o r b i ta l  i s  reduced, 
corresponding to  h ig h e r b in d in g  energy v a lu es . Thus when tlie o x id a tio n  
s t a t e  in c rease s  fo r  a m etal so w i l l  th e  b ind ing  energ ies  o f  the  e le c tro n s  
in  th e  core and valence s ta te s  -  th e  rev e rse  ho ld ing  fo r  an ions, which 
produce a negative  s h i f t  on in c re a s in g  the  o x id a tio n  s t a t e .
Comparison o f  m e ta ll ic  f lu o r id e s  and su lph ides in d ic a te s  a  low ering 
o f  d iem ical s h i f t  o f  tlie  c a tio n s  o f  the  su lph ides even though they  may 
be o f  comparable o x id a tio n  s t a t e . H iis  i s  due to  the  in c reased  covalency 
found among th e  su lp h id es . IVhen e le c tro n  sharing  o ccu rs , the  sim ple 
io n ic  model o f  tlie ’d iem ical s h i f t ’ i s  n o t obeyed, because shrinkage o f  
th e  e le c tro n  o r b i ta l s  o f  tlie  core e le c tro n s  in  th e  ca tio n s  has only 
p a r t i a l l y  been com pleted, and so th e  sharin g  o f  e le c tro n s  b rin g s  about 
a reduced degree o f  chem ical s h i f t .
I t  i s  th e re fo re  im portan t when in te rp re t in g  th e  co n ten t o f  the  
chemical s h i f t ,  in  teim s o f  the  o x id a tio n  s t a t e ,  to  no te  th a t  covalency 
o r p a r t i a l  covalency may be involved.
2 .3 .3  Charging e f fe c ts
The ph o to e lec tro n  e je c tio n s  produce vacancies which in  tu rn  produce
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a p o s it iv e  f i e ld  whicli a t t r a c t s  e lec tro n s  from the  surroundings to  f i l l  
tlie  vacancies. Hie spectrom eter being m e ta llic  tlius feeds tlie su rface  
s ta te s  o f  the  sample w ith  e le c tro n s . I f  the  su rface  co n d itio n  o r tlie 
e n t i r e  specimen i s  in s u la t in g  then  e le c tro n  conduction w il l  be n e g lig ib le , 
A p o te n t ia l  f i e ld  i s  thus b u i l t  up from the  conducting in te r fa c e  o f  the 
su rface  la y e r .
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Fig. 8 : P ho toe lec tron  em ission from a charged su rface
Hie diagram above shows a p o s i t iv e  f i e ld  due to  the  p o s it iv e  cliarge
AE  ^ ill  tlie top  la y e r  a c c e le ra tin g  e le c tro n s  coming from th e  conducting 
la y e r ,  b u t on passage o f  th e  e le c tro n s  tlirough th e  charged la y e r , 
outwards towards tlie Faraday Cage, tlie  charge tends to  d e c e le ra te  tlie 
pho toe lec trons by an equal amount. However, a  ph o to e lec tro n  em itted  
from th e  charged la y e r  w i l l  only experience a d e c e le ra tio n  due to  the  
charge f i e ld .  Consequently tlie d iffe re n c e  in  n e t k in e t ic  energy o f  th e  
two p h o toe lec trons w i l l  r e s u l t  in  tv/o peaks sep a ra ted  by the  d iffe ren c e  
in  th e  su rface  charging.
Grimvall^^^^ has shown th a t  the  p o te n tia l  g rad ien t depends on phase
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geometry. Hie n e a re r  th e  phase/conductor in te r fa c e  tlie le s s  w il l  core 
e le c tro n s  be s h if te d .  Hius peak broadening would be expected to  
accompany tlie s h i f t  due to  tlie in te ra c t io n  o f  a tte n u a tin g  e f fe c ts  and 
p o te n tia l  g ra d ie n ts . Hiougli o f  course a tte n u a tin g  e f fe c ts  may be 
reduced by low ering the  angle o f  ta k e -o f f .  However, in  so doing, one 
a lso  in c reases  th e  t o t a l  c o n trib u tio n  o f tlie o u te r lay ers  to  the  to t a l  
p h o to e lec tro n  s ig n a l ,  from whence tlie h ig h es t degree o f  cliarging i s  
produced.
In  a d d itio n , A llen  e t  al^^^^ have found a c o rre la tio n sh ip  between 
th e  c a tio n  s iz e  in  the  l a t t i c e  w ith  the  degree o f  cliarging: the  la rg e r  
th e  c a tio n  s iz e  the  la rg e r  th e  charg ing  s h i f t .  Hiough no t e n t i r e ly  
c o n s is te n t w ith  some C r-0 systems in v e s tig a te d , peak broadening was 
seen to  be reduced w itli an in c rease  in  the  degree o f  c ry s ta l  h y d ra tio n . 
% d ra tio n  i s  loiown to  occur more re a d ily  in  the  c r y s ta l l iz a t io n  o f 
sm alle r c a tio n  c r y s ta ls .
O lefjo rd  and F isd im eister^^^^ have attem pted to  use tlie d iffe ren c es  
in  charging s u s c e p ta b il i ty  o f  the  oxides Fe^O^, Cr2 0 - and FeCr2 0^ in  
o rder to  d isc rim in a te  between th e  Cr^* 2p^^^ s ig n a l o r ig in a te d  from the  
corundum oxide o r the s p in e l .  S y n th e tic  oxides showed d i s t in c t  
v a r ia tio n s  in  th e  b ind ing  energy values fo r  cliromium s ig n a l . However, 
th i s  cannot w ith  confidence be ap p lied  to  aqueous formed u l t r a - th in  
f ilm s , due to  tlie higli le v e l o f  bound w ater p re s e n t, which as A llen  
p o in ts  ou t tends to  in c rease  co n d u c tiv ity . And, more to  the  p o in t, 
s e le c tin g  lig an d in g  o f  Cr^* would le ad  to  a red u c tio n  in  tlie chromium 
2p^/^  charging s h i f t s ,  g re a te r  tlian fo r  the  species  o f  iro n  p re se n t which 
show le s s  h y d ra tio n  s u s c e p ta b i l i ty .  This method o f  phase id e n t i f ic a t io n  
is  n o t, th e re fo re , s u i ta b le  fo r  the  u l t r a - th in  film s s tu d ied  h e re .
An in te rn a l  sttm dard i s  thus needed to  c a l ib ra te  the  abso lu te
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b ind ing  energy values where necessa ry . Hie value o f  b ind ing  energ>^ fo r  
th e  peak i s  used a t  283.7 ev; th i s  s ig n a l r e s u l ts  from vacuum o i l  
contam ination. However, gold may be used, applying the deco ration  
techn ique, in  th e  b e l i e f  th a t  the  noble and h ig lily  conductive m etal w il l  
e x h ib it  equ ilib rium  w ith  the  su rface  s ta te s  o f  tlie surrounding oxide. 
However, n o t only i s  t l i is  assu iip tion  doubtful in. i t s e l f ,  b u t i t  has a lso  
been found t l ia t  w ater may be adsorbed on gold , producing as much as 
1 ev s h i f t .
2 .3 .4  M u ltip le t s p l i t t i n g
Multicomponent l in e s  le a d  to  some com plications in  s p e c tra l  
a n a ly s is , b u t may a lso  le ad  to  a deeper le v e l o f  understanding  o f  th e  
bending involved in  v a rio u s  c ry s ta l  s tru c tu re s  o f  tlie  same elem ental 
s p e c ie s .
M u ltip le t s p l i t t in g s  a r is e  in  a core le v e l when an exchange in te r ­
a c tio n  occurs as a  r e s u l t  o f  tlie ph o to e lec tro n  e je c t io n  which can leave 
the  unpaired  e le c tro n  in  a p a r a l le l  o r a n t ip a r a l le l  s t a t e  o f  sp in  to  
tlie d-band unpaired  e le c tro n s . I t  i s  a prominent fe a tu re  o f  the  
t r a n s i t io n  elem ents, which have d-band vacancies. In  tlie C r ( I I I )  
compounds fo r  example, tlie uncoupled d e le c tro n s  in te r a c t  w ith  tlie 
p a r a l le l  sp in  o f  the  rem aining 3s e le c tro n s , l e f t  uncoupled a f t e r  photo­
e le c tro n  e je c tio n  o f  tlie o th e r  one. Consequently, tlie re  appears in  tlie 
3s le v e l a s p l i t t i n g ,  which i s  shown in  tbie ap p ro p ria te  sp e c tra  in  F ig . 9. 
The r e s u l t  i s  more com plicated in  tlie p -s h e ll  due to  a g re a te r  v a r ie ty  o f  
arrangem ents p o ss ib le  from th e  3p e le c tro n  e je c t io n , depending on tlie 
nunher o f e lec tro n s  p re se n t. Hie exchange in te ra c t io n  w il l  only weakly 
a f f e c t  th e  2p le v e l ,  and th e  re so lv in g  power o f  XPS is  no t g re a t enougli 
to  show up the  in d iv id u a l p e rtu rb a tio n s  in  the  2p le v e l .  Hie s p l i t t i n g  
i s  n o t a fu nc tion  o f  su rface  cliarging, only o f  th e  e le c tro n ic  system o f
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the  san g le . Covalency, however, can reduce the  d iffe ren c e  betiveen tlie 
two le v e ls .  C a r v e r h a s  show, from a study o f  compounds o f  fo r ty  
t r a n s i t io n  elem ents, th a t  the  exchange in te ra c t io n  i s  dependent upon the  
number o f  unpaired  e le c tro n s  and tlie involvement o f  d-band e lec tro n s  in  
bonding. In  the f ig u re  below i t  i s  seen t lia t  tlie s p l i t t i n g  i s  la rg e r  fo r  
th e  more io n ic  confounds such as the  h a lid e s , and sm alle r fo r  tlie more 
covalen t su lp h id es. In p a r t ic u la r  th e  liganded chromium d-band o f  
K^CrCCN)^ shows no such s p l i t t i n g .  F in a lly , Fadley^^^^ has po in ted  out 
t l ia t  m u ltip le t s p l i t t in g s  can a lso  a f f e c t  s p l i t t in g s  in  shake-up 
s a t e l l i t e s  (see nex t s e c t io n ) .
40
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2 ,3 .5  S a te l l i t e s
Of d ir e c t  importance to  th e  in v e s t ig a tio n  o f p ass iv e  film  on
18/8 s ta in le s s  s t e e l  i s  th e  energy lo ss  process w hidi r e s u l ts  in  a shake-
iQ) s a t e l l i t e ,  in  NiO. This s a t e l l i t e  was discovered  by Novakov^^^^ in
copper and n ic k e l ox ides. Hie s a t e l l i t e s  (see F ig . 10) a re  a sso c ia te d
3/2w itli d is c re te  energy lo sse s  from the  2p p h o to e lec tro n s , due to
p e rtu rb a tio n s  caused by tlie prom otion o f  valence e le c tro n s  to  the  c ry s ta l
conduction band. The importance o f  t l i is  d iscovery  i s  th a t  even i f
chemical s h i f t in g  i s  d i f f i c u l t  to  p in -p o in t, in  sub-escape depth sample
3/2volumes, due to  c o n tr ib u tio n s  from th e  m e ta llic  2p peak, the  s a t e l l i t e  
i s  w e ll reso lv ed .
Ni
8 5 0 860 « 7 0
F ig , 10: Shake-up s a t e l l i t e s  in  n ic k e l and copper oxides
In  th i s  work Novakov and Prins^^^^ have attem pted to  study the  
e f f e c t  o f  excess oxygen on tlie  in te n s i ty  o f  the  s a t e l l i t e  peak. Only
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copper seems to  have some dependence on oxygen co n cen tra tio n . However, 
t i l ls  work has y e t to  be confirm ed, C astle  and Epler^^^^ have no t found 
th a t  t i l ls  dependence holds fo r  tlie  copper ox ides.
I t  i s  im portant to  note t l ia t  such energy lo ss  p rocesses as shake-up 
o r shalce-off s a t e l l i t e s  and m u ltip le t  s p l i t t in g s  can se r io u s ly  le ad  to  
underestim ation  o f  q u a n ti ta t iv e  a n a ly s is  based on peak in te g ra l  
i n t e n s i t i e s .
2 .3 .6  C ry s ta l s tru c tu re  e f fe c ts
('51')I t  has been shown by tlie work o f  A llen  e t  a l^  on th e  Cr-0 
compounds t l ia t  the  Made lung p o te n t ia l  can produce a s ig n if ic a n t  
c o n tr ib u tio n  to  the  b ind ing  energy s h i f t ,  p rov id ing  o th e r fa c to rs  a re  
n o t o v e rrid in g  such as m u ltip le t  s p l i t t i n g .
2 .3 .7  Surface contam inant e f fe c ts  on peak p ro f i le
Zecliina^^^^ has shown by in f r a - re d  spectroscopy "that w ater re a c ts
3+d is s o c ia t iv e ly  w ith  tlie very re a c tiv e  Cr s i t e s  on a-C r2Û2 forming 
hydroxyl bonds. In  a d d itio n , CO and O2 , both  common vacuum contam inants, 
a re  loiown to  form chem ical bonds, 0  ^ i s  b e liev ed  to  form a double 
covalen t bond which would c e r ta in ly  in te r f e r e  w ith  su rface  la y e r  
m u ltip le t  s p l i t t i n g .
Jolnison^^^^ has shown th a t  a  b inding  energy s h i f t  on t r a n s i t io n  
elem ents may r e s u l t  from su rface  cbem isorption o f  m olecules o f h igh  
e le c tro n  d e n s ity . The ligands tend  to  c re a te  a p o la r iz a t io n  o f 'the 
su rface  s ta t e s .  CO, and 0^ have p a r t ic u la r ly  high e le c tro n  d e n s i t ie s ,  
which, i t  i s  b e liev ed , may tend  to  d e lo ca liz e  tlie e le c tro n  d en sity  in  tlie  
u n f i l le d  d-band le v e ls  in  th e  m eta ls . Thus we would expec t, to  a le s s e r  
e x te n t , th e  same tendency in  th e  d-bands o f  d^^ ion  co res .
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2 .3 .8  Hie re so lu tio n  o f  XPS s p e c tra l  l in e s
The peak widths a t  h a l f  maximum h e ig h t (FM-M) w, i s  a  product o f  
tlie  e le c t r i c a l  p ro p e r tie s  o f  the  sample m a te r ia l, tlie  r a d ia t iv e  l i f e ­
time and consequent Heisenberg u n c e r ta in ty  o f  measuring tlie k in e t ic  energy 
o f  tlie  p h o to e lec tro n , and f in a l ly  tlie instiTim ental broadening fa c to rs .  
Instrum enta l broadening w i l l  be d e a l t  w ith  in  tlie nex t se c tio n .
The previous sec tio n s  d e a l t  w itli tlie  m a te ria l p ro p e rtie s  in flu en c in g
peak shape, and u ltim a te ly  RVHM v a lu es . Here peak w idth broadening may
r e s u l t  from tlie process o f  p h o to e lec tro n  e je c tio n . The u n c e rta in ty
p r in c ip le  may be ap p lied  to  th e  measurements o f  Ihe k in e t ic  energy o f  the
e je c te d  e lec tro n s  because the  r a d ia t iv e  l i f e - t im e  fo r  tlie f i l l i n g  o f  the
-16vacancy formed by tlie  e je c te d  e le c tro n  i s  u su a lly  f a s t e r  than  10  s .
Tlie Heisenberg U ncerta in ty  P r in c ip le  s ta te s  tl ia t  the  p roduct o f the  
u n c e r ta in ty  o f  an energy le v e l and th e  time spen t in  i t s  measurement i s  
approxim ately P lanck’s c o n s ta n t, i . e .
h = AE. At
KINETIC ENERGY LIFETIME 
OF PHOTOELECTRON OF VACANCY *
However, when sucli a p rocess occurs in  atoms o f  r e la t iv e ly  la rg e
conduction band p o p u la tio n , tlie  l i f e - t im e  is  s h o r te s t .  The minimum tim e,
—1 8however, must be 10  s fo r  r e l a t i v i s t i c  reaso n s, t l i is  being the  time 
fo r  a photon to  tra v e rs e  an atom ( i . e .  0 .3  nm).
Jorgensen e t  a l have shown, using  a V arian IEE-15 spectrom eter w ith  
an an a ly se r energy o f  1 0 0  ev, t l ia t ,  whereas th e  FWI-M values fo r  the  
s e r ie s  Z = 37-55 v a rie s  from 1-12. ev , lu te tiu m (II I )  broadened to  2.1 ev. 
H iis  was explained  by S h ir le y  and Fadley^^^) as being  a t t r ib u ta b le  to
th e  more rap id  f i l l i n g  o f  tlie 4d vacancy by one o f  fo u rteen  4 f e le c tro n s
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ill the  conduction band. They c a lc u la te d  t l ia t  tlie Heisenberg U ncerta in ty  
n c ip le  c o n tr ib u tio n  to  tlie  ■
10 ' s and 10 ev fo r  10 s .
“14P r i 4d le v e l i s  0 .1  ev fo r  10 s ,  1 ev fo r
2 .3 ,9  Concluding remarks
Rudimentary inform ation  on elem ental spec ies  type and o x id a tio n  
s ta t e  i s  n e a rly  always re a d ily  ob ta ined  from XPS a n a ly s is . However, i t  , 
has been shorn in  th is  s e c tio n  th a t  tlie f in a l  s p e c tra l  product may be 
th e  product o f  sev e ra l e le c tro n  in te ra c t io n s . Miereas such p rocesses may 
make s p e c tra l  in te rp re ta t io n  le s s  s tra ig h tfo rw a rd  they can, to  the  
c a re fu l a n a ly s t , be u se fu l in  ga in ing  deeper chemical and e le c tro n ic  
s t r u c tu r a l  in form ation  o f  th e  su rface  la y e rs .
2,4 ESCA: INSTRUMENTATION AND SURFACE ANALYSIS
2 .4 .1  General fe a tu re s
The instrum ent used fo r  a l l  s tu d ie s  here  i s  th e  ESCA I I  spectrom eter
(Vacuum G enerators L td ), w itli an a tta ch ed  PDP8E computer (D ig ita l
Equipment C o rporation Ltd) fo r  autom atic scanning and d a ta  handling .
Tlie spectrom eter i s  equipped w ith  a se p a ra te ly  pumped specimen
p re p a ra tio n  chamber connected to  tlie an a ly se r cliamber by a l in e a r  t r a n s fe r
mechanism (see F ig. 10). Ih e  p re p a ra tio n  clianber i s  capable o f  b e t te r  
“3 “ 2tlian 1,33 X  10 N m and is  equipped w ith  an argon ion  gun, to  be 
d escribed  in  S ection  3 ,1 ,2  , The an a ly se r cliamber can be evacuated to  
a p ressu re  o f  1.33 x 10 ^ N m
X -rad ia tio n  o f  AlKcx,  ^ w ith  mean eneig)'" value .o f 1486.6 ev i si . ,  ii,
deriv ed  from a w ater-coo led  anode, w ith  maximum power o f  1000 w atts  
(10 kV a t  100 iiA). Some  ^ i s  a lso  produced a t  1496.2 ev mean energy, 
bu t th is  has an in te n s i ty  o f  only 5% o f  the major peak. An aluminium
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window sep a ra te s  th e  X-ray source and tlie an aly se r cliamber in  o rd er to  
sc reen  ou t secondary e le c tro n s  and some o f  tlie ’w h ite ’ background X -rays.
The e n t i r e  vacuum system i s  f i t t e d  w itli v ito n  0 -r in g  s e a ls  capable 
o f  bake-out up to  453°K, b u t th i s  spectrom eter i s  baked-out a t  about
443°K.
2 .4 .2  E lec tro n  energy a n a ly s is
E lec tro n  energy an a ly s is  i s  c a r r ie d  out in  two s tag es  in  s e r ie s .
Tlie f i r s t  process u t i l i s e s  a R etarding F ie ld  A nalysis to  scan tlie e n t i r e  
energy range o f  tlie spectrum . This technique ap p lie s  a  p o te n t ia l  between 
th e  specimen and a surrounding Faraday Cage which i s  n eg ative  w ith  re sp ec t 
to  th e  specimen h o ld e r. The energy range is  scanned by vary ing  the  
re ta rd in g  f i e ld  by a l te r in g  a ramp vo ltag e  which i s  ap p lied  to  th e  cage 
along w ith  a p e d es ta l v o ltag e . Those e lec tro n s  which a re  o f  th e  c o rre c t 
energy range to  be fu r th e r  energy analysed in  tlie nex t s tag e  a re  no t 
re ta rd e d , and a re  focussed through a window o f  tlie Faraday cage, in to  tlie 
s l i t  ap ertu re  o f  an e le c t r o s ta t i c  hemisphere an a ly se r. This s tag e  i s  
re sp o n sib le  fo r  e le c tro n  energy re s o lu tio n .
The e le c t r o s ta t i c  hemisphere an a ly se r i s  made o f  two gold p la te d  
copper hemispheres o f  mean diam eter c o n s ti tu tin g  a 150^ s e c to r . The 
T e r r e s t r ia l  T^lagnetic F ie ld  i s  balanced  by Helmholz c o i l s .  S l i t s  o f  
about 2 mm widtli a re  used a t  th e  e n try  and e x i t  s id e s  o f  the  hem ispheres.
The re la tio n s h ip  between tlie hemisphere p o te n t ia l  V and the energy 
o f  e le c tro n s  p a s t  E i s  given by:
Rl R.
= 9 rad iu s
R  ^ » 11 rad iu s
\  V = g where H is  hemisphere co n stan t = 2.48
r —
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A vo ltage  supply to  the  an a ly se r m y  be p re - s e t  to  pass e le c tro n ’s 
o f  energy E equal to  5, 10, 20, 50 o r 100 ev w ith  a re s o lu tio n  o f  vary­
ing  degree (see below ). By applying the  R etarding F ie ld  A nalyser RFA 
tlie e lec tro n s  passed have th e i r  energ ies  v a ried  to  match E.
K.Energy = E’ + E
(P ho toelec trons)
E ’ -  vo ltag e  derived  from th e  RFA
E lec tro n s  o f  h igher k in e t ic  energy tlian E a re , in  f a c t ,  re ta rd e d , and 
those  lower than  E a c c e le ra te d .
A v a ria b le  power supply i s  used to  s e le c t  tlie energy reg ion  to  be 
analysed (P edestal V oltage) ,and a ramp genera to r which i s  capable o f 
energy sweeps o f  10, 30, 100, 300 and 1000 ev in  30-3000 secs enables 
th e  e lec tro n s  to  pass a t  s p e c if ic  values corresponding to  E. The 
c o lle c te d  e lec tro n s  then  e n te r  th e  p h o to m u ltip lie r and a m ulti-channel 
a n a ly s is  i s  then  c a r r ie d  ou t in  sequence w itli th e  sweep o f  the  p ed es ta l 
v o lts  to  provide v ia  th e  computer, i f  d e s ired , a v isu a l d isp lay  o r X-Y 
p lo t  (manual mode) o f  a h istogram  o f  a number o f  e le c tro n  counts versus 
k in e t ic  o r  b ind ing  energy (conputer o n ly ) .
2 .4 .3  A nalyser re so lu tio n
(62)
Tliis i s  given by
dE _ w 
E 2R
dE = BVI'M fo r  a s ig n a l 
E ~ pass energy 
w « to t a l  s l i t  w idth 
R = mean rad ius
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As dE = E (co n s t) , then  re s o lu tio n  w i l l  decrease w ith  an in c rease  in  
th e  A nalyser Energy E. But, as Transm ission «^ E, tlien  s e n s i t iv i ty  w i l l ,  
in  p ra c t ic e ,  be low est a t  h ig h e s t re so lu tio n  and v ice  v e rsa .
Hiroughout th i s  work E = 50 ev fo r  narrow scan s p e c tra . Tlie 
re s o lu tio n  i s  then c a lc u la te d  as fo llow s:
dE = = 0 .5  ev
w = 0 .2  cm
R = 1 0 '
E = 50 ev
In  a l l  cases th e  peaks were o f  g re a te r  k in e t ic  energy than  50 ev and so 
a l l  peaks were produced by re ta rd e d  p h o to e lec tro n s . Consequently, 
d ive rgencies  r e la t in g  to  th e  k in e t ic  energy o f  the  ph o to e lec tro n s is  
expected to  r e s u l t .  However, as y e t  no d a ta  i s  a v a ila b le  to  determ ine 
th e  lo ss  in  re s o lu tio n  due to  o p tic a l  lens a b e rra tio n .
2 .4 .4  R adiation  source: The e f f e c t  on s p e c tra l  re s o lu tio n
llie  p r in c ip le  source o f  peak broadening, however, w il l  be due to  
th e  n a tu ra l  l in e  w idtli o f  tlie  ^ ^  X -rad ia tio n , which i s  determ ined 
by the  sum o f  the  energy le v e ls  from which an e le c tro n  tran sm issio n  has 
occurred  producing tlie X -ra d ia tio n . For aluminium, used as the  anode 
m a te ria l in  th i s  work, th e  Ka^ X-ray l in e  corresponds to  an e le c tro n  
t r a n s i t io n  from th e  L j j j  to  the  K s h e l l .  F ig . 12 below shows the  
in c rease  in  n a tu ra l w idth  fo r  th e  K and L j j j  le v e ls  w ith  Z, atomic 
nuiiiber.
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eV3
NATURAL WIDTHS FOR 
THE K AND Lg LEVELS
F ig . 12: Inheren t w idths o f  K and L j j j  le v e ls  versus
atomic number Z. The diagrani has been drmvn up 
w ith  th e  a id  o f  d a ta  fo r  le v e l w idths which 
have been pub lished  by SiegbcCin.^^^^
The n a tu ra l  l in e  w idtli fo r  AlKa^ i s  0 .5  ev. The second most 
in ten se  l in e  i s  th a t  o f  AlKa^, produced from the  to  K s h e l l  e le c tro n  
t r a n s i t io n .  The Ka^ and Kct^  l in e s  a re  sep ara ted  by 0 .5  ev, as seen in  
F ig . 13 below.
«Vtoo
10 -
0,5
ENERGY DIFFERENCE BETWEEN 
THE L j AND Lg LEVELS
Mo
Fig. 15: Energy sep a ra tio n  in  th e  X-ray Ka doublet
versus atomic number Z.
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The Ka2 l in e  i s  about h a l f  th e  in te n s i ty  as th a t  o f th e  l in e .  Die 
convoluted Ka^  ^ 1^^® i s  sho%m below in  F ig . 14 talcen from Siegbahn, 
and shows tl ia t  th e  mean l in e  w idth  approximates to  1 .0  ev, each component 
having a h a l f  w idth o f  0 .7  ev.
THE X-RAY DOUBLET 
K a, a .  IN ALUMINIUM
TOTAL
WIDTH rrl.OeVUJ
0 7  eV
t).7eV:
1489 eV148814871485 14861484
F ig . 14: Die X-ray -  ICa2 doublet in  aluminium .
C o rrec tions have been made fo r  tlie spectrom eter
b roaden ings. (40)
Die d a ta  th e re fo re  in d ic a te s  th a t  th e  X-ray l in e  w idth o f  1 .0  ev 
i s  very  n e a rly  the  l im i t  found fo r  th e  conven tionally  used anode 
m a te r ia ls , and th a t  th i s  broadening re p re se n ts  a se r io u s  l im ita t io n  to  
th e  s p e c tra l  a n a ly s is  and must be borne in  mind when curve re so lv in g  
i s  c a r r ie d  o u t. This w i l l  be d e a l t  w ith  in  Section  3 .2 .4  .
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2 ,4 .5  Surface s e n s i t iv i ty  and angi.ila r  dependence o f  X-ray 
p h o to e lec tro n  sp e c tra
Fadley and Bergstrom^^^^ f i r s t  dem onstrated th e  enhaticement o f  
su rfa ce  s e n s i t iv i ty  by XPS by c a re fu l choice o f c o lle c t io n  ang le . They 
found th a t  in  c e r ta in  cases r e la t iv e  su rface  in te n s i t i e s  could be 
enhanced by an o rd er o f  magnitude.
Geometric co n sid e ra tio n s  show th a t  when the  in e la s t i c  mean fre e  pa th  
fo r  the  em itted  e le c tro n s  i s  s h o r t ,  the  sample depth can be decreased 
considerab ly  by c o l le c t in g  e le c tro n s  a t  sm all angles from the  su rface  
p lan e . F ig. 15 in d ic a te s  how in creased  p a th  len g th  fo r  escape a t  a given 
perp en d icu la r deptli below the  su rface  occurs as the  e x i t  angle 6 i s  
decreased . D efining a tte n u a tio n  len g th  as X i t  i s  seen th a t  the  average 
deptli o f  em ission fo r  an a r b i t r a r y  e x i t  angle 6 w il l  be A Sin0.
,qo‘
F ig . 15
F razer e t  a l and ’Fadley e t  a l have made q u a n tita tiv e  s tu d ie s  
apply ing  th i s  teclm ique to  sev e ra l systems and hence u t i l i s e  a th e o re t ic a l  
model f i r s t  p resen ted  by Henke, which w il l  be o u tlin e d  h e re .
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SIMPLE FLAT SURFACE Î^ DDEL : Experim ental Geometry
F ig . 16: D e fin itio n  o f  angles o f  X-ray e x c ita t io n  and
e le c tro n  em ission , r e la t iv e  to  the  su rface  
p lane o f  th e  sample.
E lec trons a re  c o lle c te d  a t  90^ from unpo larized  X-ray beam through 
s l i t s  S X h (mms) as shorn in  F ig . 16. Only e le c tro n s  in  s o l id  angle Q, 
a re  considered  to  be d e tec ted  from the  p ro je c tio n  o f  S-h on to  th e  
sample. This is  p a r t ic u la r ly  t ru e  o f  R etarding F ie ld  A nalysers which 
have a co llim a tin g  e f f e c t .
At a  d e p th  x  i n  t h e  s o l i d ,  t h e  d i f f e r e n t i a l  i n t e n s i t y  w i t h  r e s p e c t  
to  X c a n  b e  e x p r e s s e d  a s  f o l l o w s :
dx = (Flux o f  X-rays having range & a t  x below the
0 x
fre e  su rface )
X (D if fe re n tia l  c ro s s -s e c tio n  p e r atom fo r p roduction  
o f  e le c tro n s  o f  E and f2)
X (Number o f  atoms in  the  d i f f e r e n t ia l  elem ent)
X (Escape p ro b a b il i ty  fo r  an e le c tro n  o f  in e la s t i c  
mean f re e  pa th  X(E) and energy, E)
= exp X&COS0 X
8o(E) J  fn(x)*s«h«dx
Sin0
X
X(E)SinO,
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The assumptions in  th is  model a re  as fo llow s:
(1) A tom ically  smooth su rface  and f l a t .
(2) X-ray beam s u f f ic ie n t ly  broad and uniform  th a t  tlie a rea  
examined by the  an a ly se r i s  always e x c ited  by th e  same flu x  
o f  X-rays a t  a l l  angles o f  inc idence .
(5) Energy lo s s  by e le c tro n s  can be described  by a 
c h a r a c te r i s t ic  m ean-free p a th .
(4) Only e la s t i c a l l y  s c a t te re d  e lec tro n s  c o n trib u te  to  observed 
p h o to e lec tro n  peaks,
(5) Sajïple i s  amorphous o r p o ly c ry s ta l l in e  w itli sm all g ra in  
s iz e  so th a t  e f fe c ts  o f  d i f f r a c t io n  o f  em itted  e lec tro n s  can 
be n eg lec ted .
(6 ) N eglect 9 and x dependence o f  tlie atomic c ro s s -s e c tio n s .
Assume & >> XE (commonly 100 :1 ), tlien observed in te n s i ty  I ( E ,0 ) can 
be c a lc u la te d  fo r  a number o f  in te r e s t in g  s i tu a t io n s  which a re  summarized 
below. Angular dependence o f  In te n s i ty  I(E ,0 ) v a r ie s  w ith  the  sample 
type . Table 3 below summarizes th e  main cases.
Table
Sample Angular Dependence o f  In te n s i ty  I(E ,0 )
(1 ) A c lean  s o l id  o f  uniform  com position
I ( E ,0) independent o f  0
(2 ) A uniform  su lis tra te  under a la y e r  o f d if f e r e n t  adsorbed m a te ria l having 
X'(E) and th ic lo iess d.
i:(E,3)a ex p (- ‘^ ''x^(E) S in 6 )
(3) A monolayer o f  adsorbate I(E ,0)aC Sin .9)'^
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F rase r e t  produced r e s u l ts  fo r  e ad i o f  th ese  th re e  types
fo r  caesium coverage o f  molybdenum. These a re  s e t  out in  F ig . 17 below.
6 0 0
7 0 0
6 0 0
000
6 0 0
4 0 0
I  BOO
Iv> o  
2 5 0  
200 
150 
100 
6 0  
0
^^ 1(E,6)*C0NSTANT
M o(3 d 5 /2 ) (A )  -  
FREE (CLLAfJ) SURFACE OF Mo
(B)
UE,6)ece*p(-O.107/S!NO}
M o(3d5/^)
Mo SUBSTRATE UNDER ADSORBED 
CESIUM 
fiv e ‘
C s l3 d 5 /z )  
ADSORBED Cs ON Mo
(C)
I(E ,6 )oc(S IN 0)
,1,. ■ , i i „■ , !_2 0  4 0  6 0  8 0  9 0
ANGLE OF EM ISSION,
F ig . 17: Angular dependence o f  photoem ission s ig n a l s tre n g th  (•) fo r :
(a) th e  Mo(3dgy2 ) from c lean  p o ly c ry s ta l l in e  molybdenum,
(b) th e  same l in e  from th e  molybdenum su rface  covered by a 
la y e r  o f  caesium deposited  to  s a tu ra t io n , and
(c) th e  CsCSdgyg) p h o to lin e  from tlie adsorbed la y e r  o f  caesiiun. 
The continuous l in e s  re p re se n t tlie b e s t  f i t  o f  the  angular 
fu n c tio n s .
1 . Clean uniform  su b s tra te
I(E ,0 ) independent o f  9:
Assume n(x) = n
I(E ,e ) =
J  9 a(E) O 'S 'h 'n  0 o
90 S in 0
|.oo .
exp -  X
&COS0 X(E) S in 0
dx
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9 a(E) r*s*h»n^ Z Cosd A(E) SinO
90 Sin0 £ Cos9 •{* X(E) Sin0
s in ce  £ »  X(E), tlien £/X(E) »  ta n  0, except where 0 -t- 90°, and
J  9 0 (E)I ( E , e )  = -2  r - S ' h - n  XCE) = K (E)
9SÎ °
which i s  analogous to  N = onFXs when e = 1 (eqn. 2 , S ec tion  2 .4 .8 ) ,
2. A uniform  s u b s tra te  under a la y e r  o f  depth , d 
I(E ,0 ) «= exp -  d/X’ (E) SinO
I(E ,0 ) = K(E) exp(-d /X ’ (E) Sin0)
Escape p ro b a b ili ty  fo r  an e le c tro n  o f  X’ (E) a t  energy E, 
tlirough d /S iii0 o f  o v e rlay e r.
3. A monolayer o f  adsorbate  
I ( E , e )  “ (S in0 ) ‘ ^
Assume no s e lf -a b so rp tio n  o f  pho to e lec tro n s  in  the  adsorbate  la y e r .
J  a cr(E),Q s d i-n  */\xI ( E , e )  = — -----------------   —  = K '(E )/S in e
90 S in 0
F a d l e y h a s  shown th a t  a t  low angles o f  p h o to -e jec tion ,roughness 
o f  th e  su rface  becomes an im^iortant param eter. Taking various degrees o f  
rougîmess he showed th a t  a t  every high le v e ls  the  su rface  to  bulk  r a t io  
tends to  dim inish from a maxima a t  low 0 v a lu es , Tliis i s  because a t  low 
0 v a lu es , su rface  a s p e r i t ie s  w i l l  produce lo c a l in c reases  in  0 0 ' and
a lso  cause shadowing, i . e .  reduce th e  o v e ra ll  su rface  a rea  from whidi 
p h o to -e je c tio n  can occur. Whereas e le c tro -p o lis h in g  can o f te n  produce
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tlie  b e s t  p r a c t ic a l  smooth su rfa c e , adequate m echanical p o lish in g  can 
produce, as F r a z e r f o u n d  fo r  tlie  molybdenum work mentioned above, 
s u ita b le  cond itions fo r  low angle su rface  enliancement.
This technique thus makes p o ss ib le  a n o n -d es tru c tiv e  a n a ly s is  o f 
tlie  outerm ost atomic la y e rs  a t  vary ing  depths in  a sample. In  u l t r a - t l i in  
film s o f  tlie k ind  produced on s ta in le s s  s te e l  t l i is  form o f  an a ly s is  
should a lso  rev ea l s t r u c tu r a l  in form ation  concerning a m u ltilay e red  o r 
is la n d  growth mechanism.
2 .4 .6  Ion e tch ing
Tliis w ell known technique o f  removing atomic la y e rs  from a specimen 
su rface  has been employed fo r  many years  in  the  th in n in g  o f  specimens 
fo r  Transm ission E lec tro n  Microscopy. An ion-gun ty p ic a l ly  produces a 
stream  o f  p o s it iv e ly  charged in e r t  gas ions which a re  a c c e le ra te d  down 
on to  the  specimen su rfa c e . The re s u l ta n t  c o l l i s io n  tlius causes e je c t io n  
o f  atoms from tlie  l a t t i c e  s i t e s  ad jacen t to  the  c o l l i s io n ,  as tlie 
a c c e le ra te d  p a r t ic le s  give up th e i r  k in e tic  energy to  t l ie i r  su rroundings.
In the  Ion-Tech gun a tta ch ed  to  the  ESCA, I I  system  used in  th is  work. 
Argon i s  used , and th e  Argon ions a re  produced as a r e s u l t  o f th e  gas 
f i r s t  e n te r in g  the  pa th  o f a c c e le ra te d  secondary e lec tro n s  follow ing a 
c i r c u la r  t r a je c to ry .  Hie c o l l i s io n  between th e  e le c tro n s  and tlie n e u tra l  
Argon atoms r e s u l ts  in  botli p o s i t iv e ly  charged Argon ions and e je c te d  
e le c tro n s . A fte r tlie  i n i t i a l  s ta r t in g -u p  o f  tlie gun tlie m ajo rity  o f  
secondary e lec tro n s  a re  produced as a r e s u l t  o f  some o f  tlie Argon ions 
c o ll id in g  w itli tlie  aluminium w a lls . Hie ^^2^5 f ilm  covering the  w alls  
has a high secondary e le c tro n  em ission c o e f f ic ie n t  under ion bombardmenr.
The a c c e le ra tio n  p o te n t ia l  o f  the  gun can be c o n tro lle d  along w ith  
tlie d ischarge c u rre n t. Hie land ing  c u rre n t i s  a rough guide to  tlie
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e tc h - r a te .  However, th e  em ission o f  e lec tro n s  from tlie specimen su rface  
during  io n -e tch in g  which, o f  co u rse , i s  a fu n c tio n  o f  tlie secondary 
e le c tro n  em ission c o e f f ic ie n t  fo r  tlie specimen su rfa c e , w i l l  tend  to  
c re a te  a d is p a r i ty  in  the  a c tu a l nuniber o f  p o s it iv e  ions landed and tlie 
number th a t  a re  ap p aren tly  n e u tra liz e d  as recorded by the  landing  
c u rre n t. Consequently, th e  d ischa rge  o r tube c u rre n t i s  u su a lly  recorded 
w ith  th e  a c c e le ra tin g  p o te n t ia l .
2 .4 .7  L ite ra tu re  review on Argon ion e tch ing
I t  i s  in tended in  th is  s e c tio n  to  review some o f  tlie more im portan t 
work in  which ion-bombardment has been used fo r  chemical o r s t ru c tu ra l  
an a ly s is  in  o rd er to  o u tlin e  some o f. tlie p o te n tia l  hazards o f  u sing  t l i is  
technique t l ia t  have been borne in  mind tliroughout th i s  work.
In  a study by Whitcombe^^^^ o f  18% Or 8 % Ni s ta in le s s  s te e l  using  
e tc h - ra te s  o f 0.05 nm s a scanning e le c tro n  microscope was used to  
show th a t  long time Argon ion  s p u tte r in g  can produce gross changes in  
su rface  topography: th i s  work produced a h igh  d e n s ity  o f  co n ica l and 
c y lin d r ic a l  forms o f  s e le c t iv e ly  e td ie d  s la g  p a r t ic le s  a f t e r  5-30 h r s .
Kim e t  al^^^^ used XPS to  show tl ia t  Argon ion  sp u tte r in g  can r e s u l t  
in  oxide red u c tio n . For example, i t  was found th a t  o f  a  to t a l  ion  inpu t 
a t  400 ev a c c e le ra tin g  p o te n t ia l ,  th e  r e s u l t  was 70% sp u tte r in g  w itli 30% 
red u c tio n , 'Ihey showed t l ia t  th e  p ro b a b il i ty  o f  red u c tio n  tak in g  p lace  
was d i r e c t ly  r e la te d  to  th e  AG°^ a t  room tem perature o f  tlie oxide. For 
example, NiO w ith  -AG°£ = 52 (Kcal/mole) was reduced back to  m etal, b u t 
Ni (OH) 2 a t  -AG°£ = 108 (Kcal/mole) remained s ta b le .  Again, 1^ 2 0^ a t  
-AG°£ -  108 (Kcal/mole) was reduced, bu t Cr^O^ a t  -AG°£ -  250 (Kcal/mole) 
remained s ta b le .  A c u t-o f f  reg ion  between (60-120 Kcal) occurs and 
i t  was thouglit t l ia t  thismay be re la te d  to  the  f r a c t io n  o f  energy req u ired  
to  generate  the  q u as i-eq u ilib riu m  s ta t e  and the  f r a c t io n  lo s t  to
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sp u tte re d  su rface  atoms o r to  Argon sp ec ies  leav in g  the  su rface  w ith  
non-zero k in e tic  energy.
More re c e n t work by M cIntyre e t  al^^^^ on the  aqueous formed passiv e
film s formed on Monel-400 a llo y  has shown th a t  whereas tlie t r a n s i t io n
Ni (OH) 2 NiO may occur, no evidence was found fo r  tlie  NiO ->■ Ni
red u c tio n  over a p r o f i le  depth betifeen 20-100 nm. This apparent
discrepancy between th e  r e s u l t s  o f  Kim e t  al^^^^ and M cIntyre e t  al^^^^
in d ic a te  f i r s t l y  the  need to  d esc rib e  comprehensively a l l  tlie e tch
param eters, and to  b rin g  in  to  qu estio n  the  in te rp re ta t io n  o f  tlie sp e c tra
t l ia t  has le d  to  the  conclusions in  each o f  th e  pap ers. This l a s t  p o in t
is  borne ou t by tlie evidence o f  Hedman e t  al^^^^ th a t  non-cr> '^stalline
carbon shows a b roader h a lf-w id th  than  c r y s ta l l in e  g ra p h ite . As ami
e t  a l^^^) have shown evidence e x is ts  th a t  the  Fe^* 2p^/^  h a lf-w id th  from
2+m agnetite , may be b roader in  tlie n o n -c ry s ta l l in e  s ta t e  as w e ll. Fe 
io n  in  th e  c r y s ta l l in e  s t a t e  occurs w itli a h a lf-w id th  o f  2 .2 1  ev compared 
w ith  2.86 ev fo r  th e  amorphous s t a t e .  IVliereas th e re  i s  no questio n  tlia t  
under c e r ta in  co n d itio n s  o f  ex ten siv e  Argon-ion bombardment red u c tio n  o f  
le s s  s ta b le  compounds may occur, i t  i s  in p o rtan t to  d isc rim in a te  between 
peak broadening due to  re d u c tio n , i . e .  ad d itio n  o f lower b inding  energy 
pealcs, and /o r su rface  damage producing lo c a l breakdown o f  c r y s ta l l in i ty .
Hie gross su rface  clianges produced by ex tensive  bombardment by 
IVliitcombe^^^^ (su rface  topographic clia ges) and Kim e t  al^^^^ (su rface  
oxide re d u c tio n ) , a re  u n lik e ly  to  show up on e td i in g  througli film s o f 
only 1-2 nm. C lea rly  however, p recau tions must be taken  to  a s c e r ta in  the  
lik e lih o o d  o f  s e le c t iv e  e tch in g  and oxide reduc tion  e sp e c ia lly  i f  
c e r ta in  u n s tab le  compounds are  p re sen t in  the  p ass iv e  film .
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2 .4 .8  Q u an tita tiv e  an a ly s is  by XPS -  T h eo re tica l background
Whereas peak s h i f t  d a ta  has been w idely ap p lied  to  q u a l i ta t iv e  
a n a ly s is , r e la t iv e ly  few re p o rts  have been pub lished  u sing  peak in te n s i ty  
d a ta  fo r  q u a n tita t iv e  a n a ly s is : namely the  work o f O le fjo rd  and 
F ischm eister(72 ,?3 ) C astle  e t  a l . 75,76)
The p h o to e lec tro n  peak re p re se n ts  a frequency d is t r ib u t io n  o f 
p h o toe lec trons about tlie mean b ind ing  energy o f  tlie  su b -sh e ll from which 
they were e je c te d . Of course th e  peak rep re sen ts  only a sample o f  the  
t o t a l  number o f  ph o to e lec tro n s  e je c te d  from tlie su b -sh e lls .
The f i r s t  p rocess o f  p h o to -e je c tio n  from tlie  su b -sh e ll has a 
p ro b a b il i ty  fu n c tio n  fo r  a given su b -sh e ll p e r u n i t  volume given by:
Nq = onF where (1)
a = p h o to e lec tro n  c ro s s -s e c tio n  fo r  a given s u b -s h e ll ,  fo r  a 
given element
F = X-ray f lu x
n = co n cen tra tio n  o f th e  elem ent in  terms o f atoms p e r u n i t  volume
The p ro b a b ili ty  fo r  tlie e le c tro n  e je c te d  escaping from the l a t t i c e  
to  tlie vacuum is  given by:
^-d/xsine (2)
d = sample depth
X -  mean fre e  p a th  tlirough the  m a te ria l to  tlie  vacuum. Tliis may
be tlie m a te ria l from which tlie e le c tro n  o r ig in a te d  o r  an o v e rlay er
0 = i s  the  angle between tlie su rface  and d ire c t io n  o f p h o to -e je c tio n
X i s  found to  vary as fo llow s:
X 00 /E - over tlie  range o f XPS a n a ly s is : 100-1000 ev e le c tro n  energy
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H iis  may be compared w itli the  X-ray a tte n u a tio n  range, which i s  100 tim es 
as la rg e , suggesting  th a t  F may be assumed co n stan t.
Hie p ro b a b ili ty  o f an escaped ph o to e lec tro n  being  d e tec ted  by tlie 
spectrom eter i s  given as S, which i s  a fu n c tio n  o f  e le c tro n  energy and i s  
e s s e n t ia l  to  the  focussing  o f  th e  e le c tro n s  from the  Faraday cage ( in  
R etarding F ie ld  A nalysis) in to  tlie spectrom eter (see F ig . 18 below ). Tlie 
in te n s i ty  i s  th e re fo re  given by:
"x/XdN -  
N =
dx S 
-x/X dx S = X CQiPs (2)
SURFACE OF
CONTAMINATION
F ig . 18:
Schematic re p re se n ta tio n  
o f  problems involved in  
q u a n tita tiv e  ev a lu a tio n  
o f  X-ray ph o to e lec tro n  
spectroscopy o f  s o l id s .  
I f  sanple i s  homo­
geneous w ithou t 
contam ination la y e r .
rd /X 1. (55)
A com parative study o f  in te n s i t i e s  has been made o f  some sim ple 
m olecules u t i l i s i n g  th e  re la t io n s h ip  by C arte r .
N. o.n^X-jS^^  = ------— — where i t  was assumed tl ia t  S. = S^, n . = n?
^2 2^2 2
C a rte r , u t i l i z in g  carbon as the  common element tliroughout, p re d ic ted  
r e la t iv e  in te n s i t ie s  by c a lc u la tio n s  using  S c o f ie ld ’s a values 
( th e o re t ic a l ly  determ ined) which r e la te d  w ell to  observed r e s u l t s .
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C arte r Lised the  follow ing expression :
\  nj? az,n£Æ v"E(z,n£)
N a C ,ls  Æv-285
F ig . 19 shows the  d a ta  c a lc u la te d  fo r  90 elem ents
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F ig . 19: C alcu la ted  in te n s i t i e s  o f  ph o to e lec tro n  peaks from X-ray
p h o to e lec tro n  sp e c tra  o f  s o l id .  R esu lts  given a re  r e la t iv e  to  
the  C^g peak fo r  equal atomic co n cen tra tio n s . C alcu la tio n s a re  
fo r  s tu d ie s  made w itli A1 K X -rays, Iiv = 1487 ev. Values a re
given fo r  each elem ent fo r  d if f e r e n t  atomic s u b -sh e lls . (77)
Hie d a ta  tlius may be used to  n o m a liz e  p h o to e lec ti on s p e c tra , by 
d iv id in g  in to  the  in te g ra l  in te n s i ty  the  r a t io s  fo r  each atomic spec ies  Z
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H iis , however, i s  most accu ra te  fo r  homogeneous sam ples, whereas some 
e r ro r  i s  bound to  be in co rp o ra ted  in  such an a ly s is  fo r  non-homogeneous 
sam ples.
Hie c lo se  agreement seen in  Table 4 between C a r te r ’s p re d ic ted  and 
th e  observed r e s u l ts  gives encouragement to  tlie con tinu ing  pursuance o f  
a q u a n tita t iv e  an a ly s is  o f  XPS d a ta .
At p re sen t tlie  s t a t e  o f  p rogress in  th is  a rea  o f  XPS a n a ly s is  i s  
l im ite d  by th e  in su ff ic ie n c y  o f  d a ta  to  clieck w hether the  assumptions 
made a re  c o rre c t . For exanple, tlie  p h o to e lec tro n  c ro s s -s e c tio n  fo r  a 
m etal is  considered  n o t to  change on o x id a tio n . Also A.(metal) and X(oxide) 
i s  considered  to  remain co n stan t fo r  purposes o f  s i iq i l ic i ty  in  
c a lc u la t io n s , due again  to  lack  o f  experim ental in form ation . C lea rly , 
however, the  e le c tro n ic  p ro p e r tie s  o f  the  l a t t i c e  fo r  a m etal (having 
d e lo ca liz ed  m e ta llic  bonding and subsequent h ig h er p ro b a b ili ty  o f  e le c tro n  
in e la s t i c  s c a tte r in g )  and an oxide (more lo c a liz e d  io n ic  bonding), would 
le ad  one to  estim ate  a  h ig h e r X value fo r  the  oxide tlian  fo r  the  m eta l.
Hie f a c to r ,  however, would no t be h ig h , and su d i a s c a le  f a c to r  should 
n o t prove to  be damaging to  th is  k ind  o f a n a ly s is . P ossib ly  the  lower 
d en s ity  o f  the  oxide l a t t i c e  would a lso  c ô n trib u te  to  a la rg e  X oxide 
v a lu e . To any in v e s t ig a tio n  o f  o x id a tio n  o r co rro sio n  th ese  a re  p o in ts  
o f  very  re a l  in te r e s t  and work r e la t in g  to  them is  given in  tlie fo llow ing 
c lia p te r .
2 .4 .9  Concluding remarks
E valuation  o f th e  th e o re t ic a l  background to  XPS gives support to  
Okamoto’s v i e w  th a t  e le c tro n  spectroscopy w i l l ,  in  the  fu tu re , p lay  
an im portant ro le  in  d e fin in g  th e  chemical com position o f  tlie extrem ely 
tliiii pass iv e  film s formed on s ta in le s s  s t e e l .  Indeed, XPS i s  a t  the
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s tag es  o f  becoming a q u a n ti ta t iv e  a n a ly t ic a l  to o l:  the  p ioneering  work 
o f  W a g n e r a n d  J o r g e n s e n e t  a l  in  e s ta b lish in g  a s e r ie s  o f 
s e n s i t iv i ty  fa c to rs  to  norm alize pealc h e ig h ts  from a v a r ie ty  o f compounds 
has made p o ss ib le  im portant conparisons o f chemical co n cen tra tio n s  in  
such film s . In  th is  study i t  i s  c le a r  t l ia t  due to  tlie lack  o f  published  
d a ta , tlie chemical sp ec ies  s tu d ied  here  w il l  have th e i r  s e n s i t iv i ty  
fa c to rs  determ ined as they a re  id e n t i f ie d  throughout th i s  work.
Tlie work o f  Fadley, and o t h e r s h a s  opened up the
p o s s ib i l i ty  o f  c a rry in g  out a n o n -d es tru c tiv e  an a ly s is  w ith  XPS by 
vary ing  the  angle o f  e le c tro n  c o lle c t io n  from the specimen su rfa c e , thus 
enab ling  an a n a ly s is  o f  atomic lay e rs  o f  d if f e r in g  depth w ith in  a lim ite d  
sample depth o f  approxim ately 1 .0  nm to  be made. This enables a 
s t r u c tu r a l  model o f  is la n d  o r lay ered  growth to  be evalu a ted .
Tlie more commonly used d e s tru c tiv e  metliod o f analy sing  la y e rs  o f  
d i f f e r e n t  le v e ls ,  n o t r e s t r i c t e d  to  depth l im ita t io n s , i s  th a t  o f  Argon 
Ion E tching . This teclm ique a lso  appears to  be a very s u ita b le  metliod 
o f  removing su rface  film s on s ta in le s s  s te e l  p r io r  to  exposure to  the  
co rroden t. Consequently, ion  e tch in g  must be checked to  ensure th a t  
s e le c t iv e  e tch in g  o f  th e  s te e l  su rface  does n o t occur.
The problem o f  analy sing  overlapping  peaks o r m u ltip le ts  i s  l ik e ly  
to  be a major problem in  an a n a ly s is  o f  film s o f  th ickness eq u iv a len t to  
around tlie same a tte n u a tio n  len g th  o f  p h o to e lec tro n s. A part from peaks 
overlapping  due to  vary ing  degrees o f  d iem ical s h i f t  r e la te d  to  the 
o x id a tio n  s ta t e  o f  tlie  p h o to e lec tro n  em ittin g  spec ies  in  the  f ilm , gradual 
removal o f  the  film  w il l  r e s u l t  in  tlie  overlapping o f  tlie  emerging 
su b s tra te  m etal s ig n a ls  and those o f  corresponding m etal ions e x is t in g  
in  th e  film . Peak sep a ra tio n  o f  t l i is  kind i s  e s s e n t ia l  bo th  to  peak 
id e n t i f ic a t io n  and peak h e ig h t measurements.
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The fa c to rs  which iiave c o n trib u ted  to  in strum en ta l broadening o f 
the  peaks have been o u tlin e d . In  any m u ltip le t a n a ly s is  i t  i s  e s s e n tia l  
th a t  in strum en ta l broadening is  kep t to  a jninimum by the  c o rre c t choice 
o f  an a ly se r energy and run tim e s t a t i s t i c s .  I t  w i l l  be seen in  the  nex t 
ch ap te r how peak re s o lu tio n  may be a r t i f i c i a l l y  enhanced by curve 
re so lv in g , sometimes kno;m as deconvoluting, which reduces th e  e f f e c t  
o f  in s tru m en ta l broadening, enab ling  peak id e n t i f ic a t io n  to  be made.
In a d d itio n , curve sy n th es is  o f  p o ss ib le  s in g le ts  w il l  a lso  be used to  
determ ine peak h e ig h ts  fo r  q u a n tita t iv e  a n a ly s is .
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3.0  EXPERIMENTAL AND ANALYTICAL FACTORS EFFECTING THE DETERMINATION OF 
A CHEMICAL PROFILE
3.1 CHEMICAL PROFILING BY ARGON ION ETCHING - INTRODUCTION
3.11 In tro d u ctio n
One o f  tlie mam aims o f  t l i is  work i s  to  understand tlie  d is t r ib u t io n
o f  elem ents tliroughout the  p ass iv e  lay e rs  formed on s ta in le s s  s t e e l ,  
which a re  o f  the  same o rd e r o f  magnitude in  th ick n ess  as the  sampled 
depth . To do t l i is  n o n -d e s tru c tiv e ly  w ith  such a lim ite d  sample depth, 
o f  d -  XSinG, e i th e r  6 o r  the  r a d ia t io n  source should be changed so as to  
change X, th e  mean f re e  p a th  o f  e le c tro n s . In  the  f ix e d  geometry s in g le  
anode system used in  th is  work, th i s  i s  no t p ra c t ic a b le , and i t  i s  
necessary  to  use the  a l te r n a t iv e ,  i . e .  to  remove th e  top lay ers  o f  tlie 
p ass iv e  film s homogeneously, w ith  tlie minimum o f  damage to  the  under­
ly in g  s t r a t a ,  thus allow ing a d iem ical p ro f i le  to  be b u i l t  up across the 
film  from successive  sp e c tra .
3.12 APPARATUS USED IN THIS WORK
In  th is  work an Argon ion  gun (Ion Tech L td .) was a ttach ed  to  tlie 
p re p a ra tio n  chamber. This gun was capable o f  producing a co n ica l beam, 
com pletely covering tlie sample ( 7 x 7  mm) a t  45° inc idence . Hie e td i - r a te  
over th e  c e n tra l  sampled a rea  (as seen by the  spectrom eter) o f  5 x S mm 
i s  uniform  a t  ca. 0 .0 2  nm s"^ fo r  s ta in le s s  s te e l  w ith  Argon ions a t
3 ,5  keV, 2 mA d ischarge  o r tube c u rre n t and ~10yA land ing  c u r re n t . The, 
gun opera tes  w itli a continuous passage o f  h igh  p u r i ty  Argon which i s  
passed  over a titan iu m  sponge furnace a t  1123°K to  remove re s id u a l O2 and 
w ater vapour, to  p reven t s p u tte r in g  induced o x id a tio n . Hie re s id u a l 
^pressure  during s p u tte r in g  i s  ca . 1.33 x 10 R.m .
3.13 SURFACE PREPARATION WIHl ARGON ION ETCHING
I t  has a lready  been p o in ted  out in  Chapter 1 th a t  fo r a study o f  tlie
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i n i t i a l  p ass iv e  film s formed on a specimen, the  su rface  oxides must 
f i r s t  be removed, and th a t  tlie method employed may be c r i t i c a l  to  the  
s t u d y . I n d e e d ,  th a t  the  com position o f tlie  nude m etal su rface  
should f i r s t  be determ ined p r io r  to  exposure to  the  co rroden t.
In  the  ESCA I I  system used in  t h i s  s tudy . Argon ion  etching 'm ay be 
c a r r ie d  out in  the  p re p a ra tio n  chanher to  remove su rface  ox ides, and the 
su rface  com position o f  the  specimen can tlien be m onitored by XPS, by 
pass in g  th e  specimen a tta ch ed  to  a probe in to  th e  analysing  chamber by 
a  l in e a r  d riv e  mechanism. The r e s u l ta n t  sp ec tra  enables the  o p e ra to r to  
determ ine when the  su rface  oxides and contam inants have been removed and 
a s u ita b ly  c lean  su rface  i s  p repared  fo r  co rro sio n .
In  o rder to  check fo r  s e le c t iv e  e tch in g  o f  the  s t e e l ,  a s ta in le s s  
s t e e l  sample was ion  etched  in  ESCA a t  2 mA and 3.5 keV fo r  one hour. 
This harsh  trea tm en t was in tended  to  rev ea l any s e le c t iv e  enricliment: 
F ig . 1 i s  the spectrum  o f  th e  su rface  a t  the  end o f  t l i is  p e rio d . Hie 
n o tab le  fe a tu re  i s  the  h igh  carbon peak which i s  fu l ly  a t t r ib u ta b le  to  
ca rb id e . In  F ig . 2 th e  peak h e i^ i t s  are  given, r e la t iv e  to  iro n , a t  
in te rm ed ia te  perio d s  up to  one hour. This shows th a t  th e  r a t io  o f  the 
peak h e ig h ts  fo r  Cr and Ni to  th a t  o f iro n  become r e la t iv e ly  constan t 
a f t e r  approxim ately 900 s .  Oxygen and carbon decrease le s s  ra p id ly  
a f te r  th is  p e rio d  and reach  co n stan t non-zero v a lu es . Manganese was 
p re sen t in  th is  commercial m a te r ia l as su lph ide s t r in g e r s  perpend icu lar 
to  the  etched su rface  and th e  s ig n a l from th is  elem ent remains 
r e la t iv e ly  co nstan t during  e tch in g . The movement o f  tlie r e la t iv e  
abundances o f the  m etals in  the  oxide to  t l ia t found in  tlie bu l m etal can 
be observed a f t e r  deconvolution by use o f s u ita b le  s e n s i t iv i ty  fa c to rs ,  
and may be used d i r e c t ly  once a l l  m etals have been etched  back to  tlie 
m e ta llic  s t a t e ,  i . e .  a f t e r  about 900 s . Hie d a ta  ob ta ined  w itli e ig h t 
sanples i s  c o lle c te d  in  F ig . 3 and shows tlia t  in  general once the  major
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contam inentsj carbon and oxygen, a re  reduced to  a value to ta l l in g  le s s  
than  5 At%, the  m e ta ll ic  r a t io s  become c lose  to  those  fo r  the  bulk  m etal, 
i . e .  no s e le c t iv e  enrichm ent ox the  a llo y in g  components appear to  liave 
talcen p la ce . S w i n g l e h a s  commented on tlie e f f e c t  which low le v e ls  
o f  su rface  contam ination has in. d is to r t in g  atomic r a t io s  o f tlie bulk  
m etal. An in te r e s t in g  example o f  th i s  i s  seen when the  oxygen p lus carbon 
value i s  around 10 At% o f  the  t o t a l  s ig n a l . F ig . 3. However, th is  cannot 
be p u re ly  a fu n c tio n  o f  th e  a tte n u a tio n  o f e lec tro n s  o f d if f e r in g  k in e tic  
energy as suggested by Swingle s in ce  the  elem ental com position seems to  
re v e r t  to  tlie 'c o r r e c t ’ values a t  even h igher contam ination le v e ls .
Swingle po in ted  ou t th a t  d if f e r in g  m a te ria ls  p ick  up instrum en ta l 
contam ination to  d i f f e r e n t  e x ten ts  and th is  p re sen t r e s u l t  suggests tlia t 
contam inent molecules s e le c t iv e ly  adsorb upon iro n  atoms in  tlie su rface . 
The Imoim a f f in i t y  o f  CO fo r  iro n  suggests one p o ss ib le  reason fo r  th is  
e f f e c t .  Both the  red u c tio n  in  carbon and oxygen during  e tch in g  and a lso  
a subsequent in c rease  in  botli t h e i r  values during exposure to  X-rays 
shown in  F ig . 4 , in d ic a te  a p a r a l le l  behaviour o f  tlie two elem ents
supporting  the  co n jec tu re  th a t  tliey were combined in  some way.
>
Following th e  above p re lim in a ry  study o f su rface  p re p a ra tio n , a l l  
specimens were p repared  by ’i n s i t u ’ ion  c lean in g , using  XPS as a m onitor, 
u n t i l  the contam inent f ig u re , t o t a l  C + 0 , was le s s  tlian 6 At%. Tlie 
m ajo rity  o f  specimens met th is  c r i te r io n .
3.14 DECOMPOSITION OF OXIDES
In order to  determ ine, under the  proposed working cond itions o f  the 
ion gun used in  th i s  work, th e  lik e lih o o d  o f ion  beam induced 
decom position o f  oxides to  m eta ls , i t  was necessary  to  e tch  the su rfaces  
o f  a s e r ie s  o f  oxides and use ESCA to  m onitor any re s u l ta n t  changes.
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E tching was c a r r ie d  out a t  -3 .5  keV a c c e le ra tin g  p o te n t ia l ,  2 mk 
discharge o r tulie c u rre n t, and -10 pA landing  c u rre n t. In  each case the  
oxides were prepared  on ion -c leaned  m etal samples and heated  in  a i r  o r 
CO2 w ell in to  tlie range where th e  oxide to  be s tu d ie d  i s  tliermodynaniically 
s ta b le .
Tlie 2p^/^ sp e c tra  o f  th e  c a tio n  component o f  th e  oxide i s  shoivn in  
F ig s . 5 to  9. Hie co n d itio n s  fo r  the  p rep a ra tio n  o f th e  oxides is  given 
below.
Botli Fe^O^ and Fe^O^ show an improvement in  s ig n a l to  n o ise  r a t io  
a f t e r  60 s e tch ing  (see F igs. 5 and 6 ) ,  co incid ing  w ith  the  complete 
removal o f  su rface  contam inants. No evidence o f  m e ta ll ic  components 
were seen in  e i th e r  case .
F ig . 7 shows a comparison o f  sp ec tra  be fo re  and a f t e r  600 s
e tch . The main d iffe ren c e  i s  the  s l ig h t  broadening n o ticed  a f t e r  e telling  
fo r  t l i is  prolonged tim e. Hie absence again  o f any n o tic e ab le  m e ta llic  
peak confirm s Kim e t  a l 's^ ^ ^ ^  o b servation  o f  Fe^O^ rem aining s ta b le  to  ion  
e tch in g . Hie broadening may be due to  su rface  damage producing a lo ss  o f  
sto ich iom etry  re s u l t in g  in  s l ig h t  b ind ing  energ)^ v a r ia tio n s  among the  
c a tio n s  tliroughout the  su rface  la y e r  o f the oxide; d iffe ren c es  in  tlie 
e le c tro n  s c a t te r in g  p ro b a b il i ty  fo r  ca tio n s  occupying i n t e r s t i t i a l  and 
s ta b le  l a t t i c e  s i t e s  and /o r consequent changes in  tlie lo c a l conduction 
band a f fe c t in g  th e  ra d ia t iv e  mean l i f e  o f  the  vacancy produced by tlie 
e je c te d  p h o to e lec tro n s.
^^2^3' F ig . 8 , shows no apparent changes a f t e r  ex tensive  e tch  tim es
o f  1800 s .  However, NiO, in  c o n tra s t  to  the o th e r oxide sp ec ie s , shows
signs o f  reduc tion  o f  the  Ni^^ to  th e  m e ta llic  s t a t e  a f t e r  40 s (see
F ig . 9 ) . Hie m e ta llic  component in c reases in  peak h e ig h t during
3/2continued e tch in g , as Ni2p s a t e l l i t e  d im in ishes. Between 200 and
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500 s the  e td i in g , the  r a te  o f  decom position and s p u tte r in g  seems to  
le v e l o u t. There was no qu estio n  o f  the  film  being  removed com pletely 
during  e td iin g  as i t  was c le a r ly  in  evidence befo re  and a f t e r  the  
experim ent.
Hie absence o f  m e ta ll ic  peaks in  the ion and chromium oxides 
suggests th a t  they  a re  r e la t iv e ly  s ta b le  to  the  ion  beam under tlie 
working cond itions o f  the gun. The broadening ev id en t in  the  case o f  
F6 2 0 2  should no t lead  to  measurably la rg e  co n trib u tio n s  to  e r ro r  during 
m u ltip le t a n a ly s is . However, when NiO is  a c o n s ti tu e n t o f  tlie passive  
film s in  th is  study cau tio n  must be given to  the  l ik e ly  r e s u l t  o f  tlie 
oxide being  reduced back to  th e  m e ta llic  s ta t e .
Tliis study  in d ic a te d  th a t  c a re fu l use o f Argon ion  e tch in g  fo r  tlie 
reco rd ing  o f  chemical p ro f i le s  tlirough th e  passive  film s o f s ta in le s s  
s te e l  could su c c e ss fu lly  be made, provided tl ia t  Ni i s  n o t a major 
component to  tlie f ilm s.
Indeed, i t  w i l l  be shown in  Chapters 4 and 5 t l ia t  d iem ical v a r ia tio n s  
tlirougliout the  pass iv e  film s a re  in  most cases f a r  g re a te r  than  can be 
a t t r ib u te d  to  io n -e tch in g .
3.2 QUALITATIVE AND QUANTITATIVE ANALYSIS OF MJLTIPLET SPECTRA
3 ,2 .1  In tro d u c tio n
M u ltip le t sp e c tra  a re  s p e c tra l  envelopes c o n s is tin g  o f  more tlian 
one s p e c tra l  peak o r s in g le t .  In  the  an a ly s is  o f  the  pass iv e  film s on 
s ta in le s s  s te e l  th ree  im portan t m u ltip le ts  a ro se , namely tliose o f  0 ^^, 
Fe2p^/^ and Cr2p^/^ sp e c tra . In tlie e a r ly  s tag es  o f t l i is  work, a t  313^K 
and 353^K co rro sio n  tem peratu res , tlie 0^^ m u ltip le t was t r e a te d  as 100%
0" even though the da ta  suggested  (see S ection  4 .4  ) th a t  Oil o r 11^ 0
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components may be p re sen t in  the  f ilm . This was due to  the  c u rre n t
u n c e r ta in ty  o f the  exact peak p o s itio n s  o f  tlie OH and H^O/O^^j^
3/2s in g le ts .  A s im ila r  problem w ith  iro n  was found. Hie Fe2p m u ltip le t
was re so lv ab le  only in to  the  m e ta llic  su b s tra te  s ig n a l o f the  s te e l  and
broad oxide conponent a t  about 709.5 ev, considered to  be a m ixture o f
Fe^^ (a t  710.2 ev) and Fe^^ o f  u n c e r ta in  peak p o s it io n . At t l i is  s tag e
disagreem ent e x is te d  in  th e  l i t e r a t u r e  o f  the exact peak p o s itio n s  o f  
2+OH jH^O and Fe
3/2Hie case o f  cliromium 2p was more s tra ig h tfo rw ard  as tlie  m e ta llic  
3+and Cr s ta te s  were re a d ily  known from stan d ard s .
During the  e a r ly  s tag e  o f the  low ten p era tu re  work (513°K and 353°K) 
a very  approximate manual metliod o f  m u ltip le t  a n a ly s is  was c a r r ie d  o u t. 
However, ev en tu a lly  a 1W-8E computer was in s ta l le d ,  ab le  to  analyse 
acqu ired  m u ltip le t  sp e c tra  s to re d  on magnetic tap e . H iis system enabled 
m u ltip le ts  to  be curve reso lv ed  y ie ld in g  tlie p o ss ib le  s in g le t  peak 
p o s itio n s  and to  curve sy n th es is  a r t i f i c i a l  s in g le ts  to  enable an 
e s tim atio n  o f  tlie s in g le t  peak h e ig h ts  to  be made.
By the  time th e  h ig h e r tem perature study (393-473°IQ was c a r r ie d  
o u t, tlie conputer f a c i l i t i e s  fo r  m u ltip le t  a n a ly s is  had been f u l ly  
ev a lu a ted , and experience gained in  th is  work enabled f u l l  advantage to  
be made o f  checking the peak p o s itio n s  o f  the  s in g le ts  OK H^ O (0^^) and 
Fe^'' (Fe2p^/^) found by o tlie r workers a t  th is  tim e. Hie developments 
allowed a more comprehensive chem ical model to  be p o s tu la te d  fo r  tlie 
pass iv e  film s formed in  tlie h ig h er tem perature range.
For completeness the  very approximate manual method o f  m u ltip le t 
a n a ly s is  used only in  a few o f  th e  low tem perature s e r ie s  w il l  be o u tlin e d  
below, p r io r  to  d esc rib in g  the  more im portant computer method.
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3 .2 .2  Manual method
In o rder to  id e n t i fy  th e  components making up tlie m u lt ip le t ,  i t
was necessary  to  assume f i r s t  th a t  i t  co n sis ted  o f the  sim o f the  s in g le t
peaks o f  th e  element o r  i t s  compounds which could be regarded as standards
Then, tak in g  experim entally  observed sp ec tra  from sanp les o f  known
standards in  o rd er to  determ ine tlie r e la t iv e  peak h e ig h ts  in  each case ,
tlie  two sp ec tra  were superimposed a f t e r  f i r s t  being l in e d  up to  take
account o f  cliarging s h i f t s .  Tangents across the  base o f  tlie peaks were
drawn to  re p re se n t the  b a se - lin e  in  each case . As shown in  F ig . 1 0 (a ),
v e r t ic a l  l in e s  were drawn a t  even in te rv a ls  down to  the  b a s e - lin e . Tlie
v e r t ic a l  h e ig h t o f  each peak from i t s  b a se - lin e  was ta b u la te d . Hie
v e r t i c a l  h e ig h t fo r  each increm ent along the  b a se - lin e  was summed and
tlie f r a c t io n a l  c o n tr ib u tio n  o f  each c o n s ti tu e n t peak to  any p o ss ib le
m u ltip le t  was then  c a lc u la te d , as shown in  F ig . 10(b) which a ttem pts to
re so lv e  th e  m u ltip le t in to  tlie c o n s ti tu e n t s in g le ts  o f  the  peak p o s it io n
3/2and shape o f  the s tandard  sp e c tra , which a re  in  th i s  case the  Cr 2p 
from tlie m etal and Cr^^ s ta te s  o f  Cr^O^. F ig . 10(b) shows how, by a 
s im ila r  b a se - l in e  trea tm en t, tlie v e r t i c a l  l in e s  may be seen to  correspond 
to  those o f tlie superimposed standards in  Fig. 1 0 (a ). Hie s in g le ts  may 
then be drawn through p o in ts  up the  v e r t ic a l  sca le  corresponding to  
f r a c t io n a l  co n trib u tio n s  suggested  Table 1.
In  th is  work only peaks o f  equal h e ig h t were used. In f a c t ,  many 
com binations o f  peak h e ig h ts  fo r  each component should  be used in  o rder 
to  produce a more p re c ise  r e s u l t .  Hie approximate method o f using  equal 
peak h e i^ i t s  th e re fo re  re s u lte d  in  tlie g re a te s t  in accu rac ies  occurring  
when one peak would be le s s  than  2 0 % o f  the o th e r s in g le t  h e ig h t, 
tliough in  such a case tlie c o n tr ib u tio n  made by tlie minor peak to  e n t i r e  
a n a ly s is  would be reasonably  n e g lig ib le .
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The ted m iq u e  is  p r i im r i ly  a curve sy n tliesis  o f  experim entally  
observed standard  sp e c tra . Id e n t i f ic a t io n  o f  tlie component types i s  made 
by t r i a l  and e rro r  o f  the  d i f f e r e n t  standards a v a ila b le . Hie c r i t e r io n  
fo r  an accep tab le  m u ltip le t  a n a ly s is  is  th a t  tlie tavo s in g le ts  m ain tain  
tlie shape and p o s it io n  o f  the  in d iv id u a l standard  sp e c tra . The main 
l im ita t io n  to  th e  technique i s  th a t  only two s in g le ts  may be considered . 
In  th e  case o f  iro n , th is  was n o t so im portan t, as Fe^^ iro n  had n o t 
been is o la te d  a t  th is  s tag e  as a standard  s p e c tra , as mentioned above.
For more ex tensive  use o f  th is  ted m iq u e  c le a r ly  more s tandard  ta b le s  
should be compiled; however, th e  tedium involved in  such an a ly s is  has 
made way fo r  more e f f i c i e n t  computer teclm iques o f  the  type th a t  were 
adopted fo r  the bulk  o f  th is  work, and which i s  o u tlin e d  n ex t. A 
comparison o f  a m u ltip le t  a n a ly s is  fo r  the teclm iques i s  given a t  tlie 
end o f  the nex t s e c tio n .
3 .2 .3  Computer metliod
This method aims to  make p o ss ib le  id e n t i f ic a t io n  o f  the  binding  
energy p o s it io n  o f tlie m u ltip le t  components by removing instrum enta l 
broadening, a process Icnown as curve re so lv in g  (sometimes lo o se ly  
as •deconvolution’) .  Tlie method uses a  F ourier Transform (a f te r  
S t o k e s t o  produce s in g le ts  o f  su ita b le  shape t l ia t  approximate to  
tlie pseudo-Gaussj.an d is t r ib u t io n s  th a t  sym m etrical, background su b trac ted  
peaks conform to .
The computer can, subsequent to  tlic de term ination  o f the s in g le t  
p o s itio n s  mentioned above , be used to  sum s in g le ts  o f  s e le c te d  h a l f -  
w idth and h e ig h t corresponding to  the  components o f  the  m u lt ip le t ,  lu i t i l  
a  new m u ltip le t  is  sy n th esised  corresponding a ccu ra te ly  to  the  o r ig in a l .  
Tlius, tlie r e la t iv e  p ro p o rtio n s  o f  the components o f  the  m u ltip le t  may 
then  be c a lc u la te d .
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3 .2 .4  Curve r e solv ing
3 /2Fig . 11(a) shows the spectrum  from the 2p su b -o rb ita l  o f iro n .
Die broad spectrum  i s  Imown to  be a m u ltip le t o f th re e  s in g le ts  from tlie 
s u b s tra te  iro n  o f  th e  s t e e l ,  fe rro u s  and f e r r i c  ions o f  tlie pass iv e  film .
Tlie spectrum  shows a r i s in g  background, which tlie computer au to m atica lly  
su b tra c ts  from th e  spectrum . Tliis r e s u l ts  in  a more symmetrical m u ltip le t ,  
enab ling  sym m etrical s in g le ts  to  be used in  t l i is  a n a ly s is . To do th is  the  
conputer records the  h ig h e s t count value o f tlie m u ltip le t  and th e  two 
low est values e i th e r  s id e  o f  tlie  spectrum . Tlie two minima are  jo in ed  by a 
s t r a ig h t  l in e ,  and the  a rea  bounded by th a t  l in e  and tlie spectrum is  the  
a rea  to  be considered  fo r  fu r tl ie r  a n a ly s is .
Perhaps the  la rg e s t  source o f  e r ro r  in  curve f i t t i n g  would occur a t  
th e  base o f the s p e c tra l  peaks. Tliis i s  because o f  the  v a r ia tio n s  in  the 
energy lo ss  t a i l s  o f  the  sp ec tra  mentioned in  Chapter 2, due to  changes in  
peak to  background and s ig n a l to  n o ise  r a t io s ,  which a re  dependent on tlie
tim e o f  scanning, su rface  co n d itio n s  and spectrom eter param eters such as
tlie re s o lu tio n  and pealc s e n s i t iv i ty  dependence on analysing  energy. With 
t l i is  in  mind, the  curve re so lv in g  program has a f a c i l i t y  tl ia t  enables t a i l s
o f  th e  background su b tra c te d  m u ltip le t  to  be ’c u t - o f f ' .  The term
’ tlire s lio ld ’ i s  eiiployed, which re fe r s  to  the I in te n s i ty  o f  tlie background 
su b tra c te d  peak, below which th e  s p e c tra l  t a i l  i s  removed and a tangen t 
subtended from tlie pealc slope to  the  b inding  energy a x is . F ig . 11(a) 
shows th ese  op era tio n s  in  p ro g ress . F ig . 11(b) shows tlie f in ish e d  
m u ltip le t to  be curve reso lv ed .
llie  no ise  on the  spectrum  may then be reduced by o p era tin g  a 
smoothing sub-iirograjii, which produces a l e a s t  squares f i t  using  a 
q u ad ra tic  func tion  enab ling  a choice o f  a 0 , 3, S, 7 o r 9 p o in t smoothing 
to  be c a r r ie d  o u t. In th i s  work, a c q u is itio n  time was reduced to  optim ise
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tlie f i l ia l  no ise  le v e l a f t e r  a co n stan t 5 -po in t smoothing. H iis w il l  be 
considered  l a t e r .
The nex t s tag e  o f  the  o p e ra tio n  i s  to  determ ine tlie s in g le t  widtli 
to  be used . As a rough guide tlie  h a lf-w id th  o f  the  most prominent peak 
i s  tak en , as shown in  F ig . 11 (a ). Having no idea o f  s in g le t  c h a r a c te r is t ic s ,  
sev e ra l so lu tio n s  w i l l  become ev id en t which w i l l  produce a good f i t  when i t  
comes to  curve s)nntliesis. One must th e re fo re  have some idea o f  the  peak 
se p a ra tio n s , say from r e l ia b le  s tan d a rd s . Varying s in g le t  w idth w il l  
ev en tu a lly  r e s u l t  in  m u ltip les  o f the  o r ig in a l s in g le ts  chosen to  be 
produced by tlie program. Tliese in d ic a te  tl ia t  tlie program has f a i le d  and 
t l ia t  th ese  s in g le ts  re p re se n t harmonics o f  the  F o u rie r Transform. When 
a cliem ically accep tab le  curve re s o lu tio n  has been perform ed, a curve 
sy n th es is  can then  be c a r r ie d  out on tlie  s in g le ts  to  determ ine th e i r  
re sp ec tiv e  h e ig h ts  c o n tr ib u tin g  to  tlie m u ltip le ts .
3 .2 .5  Curve sy n th es is
(a) In tro d u c tio n
Tliis technique f i t s  Gaussian s in g le ts  w itli o r w ithou t t a i l s  (op tional) 
under tlie m u ltip le t  in  the  peak p o s itio n s  suggested from th e  previous 
curve re so lv in g  o p e ra tio n , o r  from knoim standard  s p e c tra . A ll the  
s in g le ts  w il l  have the  same w id th , as in  the  previous o p e ra tio n , b u t th e  
peak h e ig h t may be d i f f e r e n t .  On s e le c t in g  peak w idths and h e ig h ts  the  
program then  perform s a l e a s t  squares f i t  producing a new m u ltip le t .  Tliis 
sy n th es ised  m u ltip le t  may be compared v is u a l ly  w ith  the  o r ig in a l  m u ltip le t 
by coiiparing the  computer p lo t-o u t  to  the  o r ig in a l  m u ltip le t on top o f  tlie 
sy n thesised  one (F ig. 1 1 (c )) . In  a d d itio n , fo r  work o f  g re a te r  p re c is io n , 
the  pi'ogram w il l  f i t  tlie peaks to  16 d i f f e r e n t  p o s itio n s  and h e ig h ts  to  
w itliin  ±0 . 1  ev, choosing the  le a s t  e r ro r  f i t  from a ro o t mean square e r ro r
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c a lc u la tio n . Tliis was c a r r ie d  ou t throughout th is  work.
(b) Experim ental co n d itio n s : A cq u isitio n  time
Mien acqu iring  a spectrum  i t  i s  p o ss ib le  to  s e t  the  machine to  
au to m atica lly  stop  c o l le c t in g  d a ta  when a s p e c if ic  value o f s ig n a l to  
n o ise  r a t io  S/N is  reached. In  p ra c tic e  the  desired, s ig n a l to  no ise  
r a t io  may be sp e c if ie d  as a power o f  2, i . e .  1, 2  ^ 4 , 8 , 16, e tc .  The 
s ig n a l to  no ise  r a t io  o f  any p a r t ic u la r  scan i s  determ ined by f i r s t  
forming the  sum S o f  th e  moduli o f  the  d iffe ren c es  o f  tlie  couaits in  the  
f i r s t  seventeen channels (see F ig . 12 below) taken  in  p a i r s .
MAX.
MfN. J
F ig . 12
Hie s ig n a l to  no ise  o f  the  c u rre n t spectrum  is  tlien defined  as
16(MAX-MIN) 
= “ S---------
Tlie scan i s  term inated  when i s  equal to  o r g re a te r  than the  sp e c if ie d  
va lu e . In  p ra c tic e , however, th i s  i s  no t easy to  su c c e ss fu lly  achieve 
during  working hours, owing to  the  s u s c e p t ib i l i ty  o f  the  system to  mains 
sp ik in g , re s u lt in g  in  a prem ature a r r iv a l  a t  what appears to  be the 
s p e c if ie d  s ig n a l to  n o ise  r a t io .  Consequently, in  th is  work, tlie scanning 
time was chosen to  optim ise  the  s ig n a l to  no ise  and s ig n a l to  background 
r a t i o s , I t  i s  im portant in  work o f  t l i is  kind to  take c a re fu l no te  o f  the  
time a v a ila b le  fo r  a f u l l  lab o ra to ry  a n a ly s is . Chemical p ro f i l in g  can
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take  up to  twenty hours fo r  a c a re fu l p iece  o f  work, using  sm all e tch  
ra te s  and tim es. F ig s. 13 to  17 i l l u s t r a t e  the e f f e c t  o f  a c q u is itio n  
time on the  success o f  curve re so lv in g  as seen in  tlie  curve sy n th e s is , 
in te ra c t in g  w itli tlie peak w idth fa c to r .
On in sp ec tio n  o f  F igs. 13 to  17, which a re  fo r  500, 1000, 20CO, 3000 
and 4000 s a c q u is it io n  tim e, i t  would appear th a t  tlie spectrum  does n o t 
s ig n if ic a n t ly  change a f t e r  500 s .  Hie la rg e  apparent v a r ia t io n s , seen in  
F ig . 13 to  17 o f  the  s u i t a b i l i t y  o f  the peak w idths 1 .8 , 2 .0  and 2.2 ev 
fo r  the  curve re so lv in g  and subsequent curve sy n tlie s is , a re  n o t due to  
dianges in  the  experim ental peak h a lf-w id tli b u t to  very  s l ig h t  f lu c tu a tio n  
in  tlie high b ind ing  energy c u t-o f f  value. Hie 500 s peaks show th a t  only 
1.8 ev produces a s a t i s f a c to r y  r e s u l t ,  whereas a t  1000, 2000 and 3000 s ,  
the  1.8 and 2.2 ev pealc w idth  range i s  m isu ita b le , b u t a t  4000 s 1.8 ev 
again  produces a s u i ta b le  r e s u l t .  C lea rly , such f lu c tu a tio n s  can only be 
d e a l t  w ith  by keeping tlie a c q u is it io n  tim e co n stan t throughout the  
a n a ly s is .
(c) Choice o f  smoothing fa c to r
The choice o f  tlie smootiling fa c to r  i s  o p tio n a l and may be used to  
remove re s id u a l no ise  peaks. F ig s . 18 and 19 are  s e t  ou t to  i l l u s t r a t e  
th i s .  Hie h i^ ie r  b ind ing  energy component i s  perhaps due to  the  nearby 
lower b inding  energy 0^^ peak energy lo s se s . Here 30%/30% values o f  
th re sh o ld  were taken . Higlier values may have improved the  sp e c tra , 
however, the  use o f  smoothing i s  seen to  a c tu a lly  eiiliance the  h igher 
b ind ing  energy peak. I t  i s  th e re fo re  seen th a t  a high degree o f smootiling 
can d i s to r t  the  m u ltip le t  shape. The o th er v a r ia b le  shown is  th a t  o f  peak 
w idtli. The b e s t peak p o s itio n in g  i s  n o t always re a d ily  ob ta ined , as can 
be seen from the  examples below: too high a s in g le t  h e ig h t can cause 
p e n e tra tio n  o f tlie m u ltip le t and thus a m isleading curve sy n th es is  is
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produced. As w ith  a c q u is it io n  tim e, i t  i s  b e s t fo r  a s e r ie s  o f an a ly ses, 
to  keep the  smoothing fa c to r  co n sta n t, and m deed to  a  low value to  
p reven t d is to r t io n .
Çd) Curve re so lv in g ; E rro r check
Hie curve re so lv in g  shorn in  F igs. 20 and 21 aim to  sep a ra te  the  
2p^/^  s ig n a ls  o f  chromium m etal and Cr^* (Cr^O^) by tlie knoivn s h i f t  o f  
2.32 ev. Hie m u ltip le t  would, o f  cou rse , n o t show th is  sep a ra tio n  
a ccu ra te ly  due to  overlapp ing . Hie s in g le ts  are p lo t te d  a t  80% in te n s i ty  
value o f  the  m u ltip le t  peak. Hie curve sy n th esis  re-norm alizes the  
s in g le ts  to  tlie  m u ltip le t .  As a check on the  accuracy o f  tlie curve 
re so lv in g  c a r r ie d  o u t h e re , an a n a ly s is  was performed on tlie Cr-Cr^O^ 
system shown in  F ig . 20  fo r  4000 s a c q u is it io n  tim e. Hie r e s u l ts  a re  
summarized in  Table 2 below.
Table 2
R atio  o f  peak 
in te n s i t ie s  o f  
m u ltip le t
Peak w idth 
F u ll w idth a t  
h a l f  max. (FIVHM)
Peak
sep a ra tio n
Cr° Cr3+
Exp. curve 15 : 12.3 2.3 Aev = 0 .0 2.32 Aev = 0 . 0
Anal , curve IS : 10.5 2 . 1 " - 0 . 2 2.4 " = 0.08
M I I 15 : 10.3 2.3 -  0 . 0 2.5 '» = 0.18
I I I I 15 : 1 0 , 6 2.5 ” = 40.2 2.7 '« = 3,8
A ll o f tlie s )m tlie tic  curves show approxim ately -20% red u c tio n  in
34-Cr peak h e ig h t. Hie values fo r  h a l f  w idth o f  1.8 and 2 .0  cv f a l l  w ith in  
the value ±0 , 2  ev expected fo r  th i s  type o f deconvolution and quoted by 
V,G. Ltd. In p a r t ic u la r  the  peak w idth o f  1.8 ev gives the  most accu ra te
“ 91 ”
00
CO
Û-
(L.
LOLOLD
1 0 0 80 40 2 0% I NT
wûXooz
93 -
curve re so lu tio n  and bo th  peak p o s it io n  and cur\’'e sy n th es is  and the 
HVHM a tta in e d  by curve sy n tlie sis  f a l l  w itliin  the  e r ro r  margin o f  ±0.2 ev,
3 .2 .6  Comparison o f manual and computer methods o f  curve sy n th es is
As a check on the  p revious manual method o f  curve sy n tlie s is , the
m u ltip le t  shown in  F ig . 22 was analysed by tlie computer. Hie values fo r  
3+the  Cr m etal to  Cr peak h e ig h ts  found by tlie manual metliod were 
96 ; 74 and the  computer method produced a r a t io  o f  100 : 74. Compare 
F ig . 10(b) and F ig . 22 below.
Hie r e s u l ts  o f  th e  manual and computer methods o f  curve sy n th esis  
c le a r ly  agree w ell in  tlie  example talcen; g re a te r  d iscrepancy would be 
expected in  a m u ltip le t  having one component <2 0 %, however in  th i s  case 
the  t o t a l  c o n trib u tio n  o f such a sm all s in g le t  would be reasonably  
in s ig n if ic a n t .  The comparison seems to  emphasise th e  re sp ec tiv e  m erits  
o f each teclinique and in d ic a te s  the  need fo r a curve s>nithesis teclm ique 
to  be developed which can o f f e r  a choice o f  s in g le t  w idtli fo r  each o f 
th e  l ik e ly  components o f th e  m u lt ip le t .  More immediate to  t l i is  work i s  
the  conclusion  t l ia t  the  a p p lic a tio n  o f  th e  approximate manual method to  
a few o f  tlie low tem perature r e s u l ts  does n o t s e r io u s ly  a f f e c t  the  r e s t  
o f  the  d a ta  determ ined by the  described  computer method.
3 .2 .7  Concluding remarks on computer method o f m u ltip le t  an a ly s is
The g re a te s t  l im ita t io n  to  both  curve re so lv in g  and curve sy n th es is  
in  th e  system used throughout tlie bulk o f th is  work, i s  the r e s t r i c t io n  
o f  having to  deal w itli uniform  s in g le t  w id ths, and n o t tlie a c tu a l peak 
w idths o f each o f  the  re sp e c tiv e  s in g le ts .  In a d d itio n , the  theory  
behind th is  form o f a n a ly s is  assumes th a t  most background su b trac ted  
p h o to c lec tron  sp e c tra  correspond to  Gaussian d is t r ib u t io n s .  In p ra c tic e
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the  work in  th is  p ro je c t  has showi th a t  skoAvness u su a lly  does occur 
and reduces the  o v e ra ll  accuracy o f an an a ly s is  o f skewed m u ltip le ts .
In  th is  work, fo r  exajiple, the  determ ination  o f tlie  Fe^^ Zp^^^ peak 
p o s it io n  could no t co n fid en tly  be made from curve re so lv in g  tlie skewed 
m u ltip le t .  Hie r e s u l ts  could only be checked a g a in s t tlie work o f  o th e rs  
Avhen such d a ta  became a v a ila b le .
Bearing in  mind th e  e r ro rs  involved in  curve re so lv in g , one can, 
w ith  c a re fu l choice o f  th e  program param eters, su c c e ss fu lly  curve reso lv e  
complex shaped m u ltip le ts . One h a s , o f  course , to  d isce rn  between 
d iem ical and p h y sica l e f f e c t s ,  sucli as peak broadening due to  changing 
g ra d ie n ts . Curve re so lv in g  a t  i t s  p re sen t s tag e  o f development in  tlie 
f i e ld  o f  XPS i s ,  l ik e  curve sy n tlie s is , an a r t ,  w ith  the  g u id e lin es  being 
tlie chem istry  o f  th e  systems being  analysed.
3.3 DERIVATION OF SENSITIVITY FACTORS RELATIVE TO THE F. 
SIGNAL FOR THE SHIFTED PEAKS
3 .3 .1  Hieory
Hie in te g ra l  in te n s i ty  i s  given by the  follow ing equation:
N = Np a^|Z|*AgKg Sin0 Coscj) (1)
E ->• E + dE
Np = X-ray f lu x
= p h o to e lec tro n  c ro s s -s e c tio n  fo r  a given su b -sh e ll  o f 
elem ent Z
|Z| ~ co n cen tra tio n  o f  sp ec ie s  Z in  s o lid
Ap = mean fre e  p a th  fo r  e lec tro n s  o f  energ>^ E
^P -  spectrom eter fa c to r
0 = angle o f ta k e -o f f  o f  pho toe lec trons
(j) = angle o f  in c id e n t X-ray flu x
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The in s trian en ta l measurement o f  tlie  in te g ra l  in te n s i ty  i s  given by the  
fo llow ing equation:
I-W^'H-T = N |Z | XpKp Sine CoS(j) (2)
where
I = s c a la r  f a c to r ,  i . e .  f u l l - s c a le  d e f le c tio n  o f  the
curve p lo t  (cps/mm)
= f u l l  w idth a t  half-maximum (ev) RVHM
H = f u l l  peak h e ig h t (mm)
T = tim e in  sec s /ev  o f  counting fo r  each channel
Therefore by (1) and (2 ):
Kp*N ‘SinS Coscj)  E__________
I 'T (3)
Using peak h e ig h t n o rm aliza tion  to  tlie s ig n a l a f te r  Jorgensen 
and Berthou, we have:
c ,  |Z | Wj ,  =  z-1_
Op |F | KAp) Wz
Tlie assumptions im plied in  the  work o f  Jorgensen and Berthou a re  tlie 
fo llow ing , th a t
^(A^) = f(Ap) , W2 = Wp
and tl ia t
14—  = u n ity|F|
Then
F
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. For q u a n tita tiv e  an a ly s is  we may use fo r  n o n -sh if te d  peaks:
I 'T
S in0 Coscj) (5)
Assuming
KpN "Sin0 Coscj) E p ^
I 'T const
Hie ph o to e lec tro n  peaks conform w ell to  Gaussian d is t r ib u t io n  
curves. I t  i s  a p ro p erty  o f  such curves th a t  as peak h e ig h t changes, 
th e  FWHM value remains co n stan t.
Hie measured in te g ra l  in te n s i ty  o f  a n o n -sh if te d  peak and a s h if te d  
peak o f  tlie  same elem ental sp ec ies  and su b -sh e ll should only vary  i f  the  
Ag o r | z |  values change. For most compounds the  chan.ge in  |Z|  may be 
accounted fo r  from laiOAvn o r estim ated  values o f  | Z | . Hie mean fre e  
p a th  fo r  e lec tro n s  in  a m e ta llic  l a t t i c e  i s ,  hoAvever, assumed to  be 
s h o r te r  than fo r an oxide l a t t i c e  having the  more lo c a l is e d  io n ic  
bonding and loAver d e n s ity . Hie r e s u l ta n t  la rg e r  sampled volume fo r  an 
oxide i s  tlie re fo re  expected to  compensate to  some e x te n t fo r  the  lower 
co n cen tra tio n  o f  m etal ion  em ittin g  cen tres  in  tlie oxide compared w ith  
the m etal l a t t i c e .  In  th e  l ig h t  o f  tlie p re sen t shortage  o f e le c tro n  
mean f re e  pa th  d a ta , i t  i s  assumed fo r  the  purpose o f  th is  work th a t  
tliese  two fa c to rs  to t a l l y  compensate one ano ther in  io n ic  ox ides. Any 
such flaAV a r is in g  in  th is  assum ption should r e s u l t  in  a system atic  
e r ro r .
Hie h a lf-w id th  v a rie s  Avitli chemical s h i f t  b u t n o t Avith elem ental 
co n cen tra tio n . The peak h e ig h t o r s e n s i t iv i ty  does, however, vary  w ith  
co n cen tra tio n  to  s a t i s f y  e q n .(2 ) .
In o rder to  apply eqn .(5 ) to  s h if te d  peaks, we have f i r s t  to
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c a lc u la te  tlie  neA^f peak s e n s i t iv i ty  fa c to r  o f  the  s h if te d  peak r e la t iv e  
to  the  n o n -sh if te d  peak. H iis i s  derived  from eqn. (6 ) :
Jg , = C6 )
»z '
where
J^l = s e n s i t iv i ty  fa c to r  fo r  s h if te d  peak o f same 
sp ec ies  Z and su b -sh e ll as fo r  
and = re sp ec tiv e  h a l f  w idth
Hius, fo r  a given co n cen tra tio n  Z’ Ave can determ ine the  value o f t l ia t  
co n cen tra tio n , by apply ing  th e  e a s i ly  measured value o f  peak h e ig h t H.
-  | Z ' |  ( 7)J 7 .
Hie method desc rib ed  above o f fe rs  the  most r e l ia b le  one fo r 
determ ining th e  s e n s i t iv i ty  fa c to rs  fo r  s h if te d  peaks. However, i t  cannot 
be used on peaks Avhich possess a s a t e l l i t e .  For such sp e c tra  a peak 
h e ig h t c a lc u la tio n  has to  be perform ed, making c e r ta in  assumptions about 
tlie  r a t io  o f tlie peak h e ig h t to  t l ia t  o f  the s a t e l l i t e .  I t  i s  because 
K(E) i s  determ ined by the  type o f energ))' analysing  system  used th a t  Ave 
cannot use a u n iv e rsa l s e t  o f  s e n s i t iv i ty  fa c to rs  ( J ^ ) . HoAvever, tlie 
spectrom eter used by Jorgensen and B e r t h o u c o n f o r m s  c lo se ly  to  our 
oAvn V.G. spectrom eter and hence tlie s e n s i t iv i ty  values determ ined by 
Jorgensen and Berthou have been used throughout th is  work.
F i n a l l y  i t  s h o u ld  b e  n o te d  t h a t  th e  p r a c t i c e  o f  d e r iv in g  s e n s i t i v i t y  
f a c t o r s  r e l a t e d  t o  t l i e  F^^ l e v e l  c a n  o n ly  b e  u s e d  Avith com pounds. The 
f a c t o r s  f o r  t h e  e le m e n ts  t h e m s e lv e s  c a n n o t  b e  d e r iv e d  i n  t l i i s  Avay, b u t  
m ust a lw a y s  b e  d e te r m in e d  i n d i r e c t l y  from  th e  a p p r o p r ia t e  com pounds.
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3 .3 .2  C alcu la tio n  fo r  atomic %
So f a r ,  only th e  in te g ra l  in te n s i ty  N has been considered . However, 
th i s  would in  p ra c tic e  re q u ire  th a t  the  a rea  under tlie peak be measured 
a f t e r  removing tlie background from tlie sp e c tra l  l in e ,  which is  a ta sk  no t 
e a s i ly  acliieved. In a d d itio n , as p o in ted  out by Jorgensen and Berthou, 
the  degree o f  undu la tion  o f  the  s id e s  o f  tlie peaks may lead  to  
s u b s ta n tia l  e r ro r .  In  p ra c t ic e ,  because the  ph o to e lec tro n  peak i s  u su a lly  
very n e a r ly  Gaussian, the  peak h e ig h t w il l  be a c o n s is te n t measure o f  the 
ph o to e lec tro n  p o p u la tio n . Thus, throughout th is  work th e  term peak 
h e ig h t in te n s i ty  I^  w il l  be used.
The method o f  c a lc u la tin g  atomic % is  o u tlin e d  below:
At% o f  A = 100 X
where
x(n,&)
x (n ,& )
peak h e ig h t o f  the  most in ten se  s p e c tra l  l in e  from 
elem ent x having been ex c ited  from th e  (n,&) quantum 
su b -sh e ll
peak h e ig h t no rm aliza tion  o r s e n s i t iv i ty  fa c to r  
r e la t iv e  to  tlie peak
D iagram m atically,
oc
F ig . 23
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The diagram shows th e  b a s ic  value o f  peak h e ig h t taken . Tiie tangent x-y 
enables an approximate backga'ound su b tra c tio n  to  be c a r r ie d  o u t. However, 
th i s  i s  u su a lly  c a r r ie d  ou t by the  computer.
3 .3 .3  P ra c t ic a l  a p p lic a tio n  o f  s e n s i t iv i ty  fa c to rs
To date  very  l i t t l e  work has been published  using  s e n s i t iv i ty  fa c to rs
in  an XPS q u a n tita tiv e  a n a ly s is . Consequently, few attem pts have been
made to  determ ine s e n s i t iv i ty  fa c to rs  fo r  the  im portant compounds which
commonly form as co rro sio n  p ro d u c ts . Indeed only tlie work o f O lefjo rd  and 
{'72 731Fisclim eister^ can be s i t e d ,  o th e r  tlian work t lia t  has been c a r r ie d  out
in  th is  la b o ra to ry . This may be due to  tlie lack  o f  s tandard  s p e c tra l
d a ta  which has been pub lished . Indeed, as w il l  be seen in  Section  3 .3 .5  
o f  th is  ch ap te r, th e  most ex ac t b ind ing  energy p o s itio n s  o f  tlie peaks o f  
OH and ^ Is  2p^^^ were only e s ta b lish e d  a t  the  beginning
o f  th e  second s tag e  o f  t l i is  work concerning co rro sio n  in  the  range 
393-473°IC. In a d d itio n , fa c to rs  fo r  the  elem ents tliemselves are  req u ired  
in  o rder fo r  phenomena sucli as s e le c t iv e  o x id a tio n  to  be d isce rn ed .
In th e  low tem perature study  (313-353°K), s e n s i t iv i ty  values from
tlie paper o f  Jorgensen and Bertliou^^^^ were ap p lied . The values fo r  the
r e la t iv e  peak in te n s i t i e s  fo r  each o f  the  su b -o rb ita l  le v e ls  o f  the
elem ents quoted and th a t  o f  the  F^^ o r b i t a l ,  were assumed to  approximate
to  th e  r a t io  o f  th e  re sp e c tiv e  ph o to e lec tro n  c ro ss -se c tio n s  (a ) . Ih e re fo re ,
i t  was assumed th a t  th e  r a t io s  o f  th ese  s e n s i t iv i ty  fa c to rs  fo r  elem ents
in  th e  compound could be ap p lied  to  elem ents in  the  m e ta llic  s t a t e ,
provided th a t  the  unpublished peak w idths (FiVl-M) o f  tlie sp e c tra  in  tlie
compound s ta t e  were in  the sar.e r a t io  as those in  the  m e ta llic  s ta t e .  In
3/2o rd er to  check the  v a l id i ty  o f  th i s  assum ption, peak h e ig h ts  o f  the 2p 
sp e c tra  fo r m e ta llic  iron,chromium and n ic k e l were recorded from sev e ra l 
specimens o r su rface  cleaned (ion etched) s ta in le s s  s t e e l .  Ihe average
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peak h e ig h ts  were then  compared w ith  tiie to ta l  % con cen tra tio n s  o f tlie 
re sp ec tiv e  elem ents determ ined by the  a l te rn a t iv e  method o f 
spec tro g rap h ic  a n a ly s is .
Hie sp ec treg rap h ic  a n a ly s is  gave the  Fe : Cr : Ni con ten t in  the
r a t io  72.1 : 18.6 : 9 . 3.  XPS a n a ly s is  a t  low contam ination le v e ls  gave
3/2tlie peak he ig lits  fo r  tlie 2p  ^ as fo llow s:
Fe : Cr : Ni = 1278 : 189 : 153
Peak h e ig h t s e n s i t iv i ty  w itli re sp e c t to  the  m e ta llic  s ta t e  was c a lc u la te d  
from eqn. (7) as follow s :
Fe : I I P  = 1.78
cr : P I  = 1.01
• 93.1
The r a t io  o f  the m e ta ll ic  pealc h e ig h ts  are  in  th e  same r a t io  fo r  tlie 
2p^/^  s ig n a ls  as shown below:
M eta llic  S ta te  Combined s ta t e  w itli re sp e c t to  F^^
Fe 1.78 Fe K^Fe(CN)^ 1.8
Cr 1.01 Cr NaCrO^ 1.1
Ni 1.64 Ni K.Ni(CN)^ 1 .7
The agreement between th ese  two s e ts  o f  r a t io s  suggested th a t  tlie 
assumption above was v a l id .  Hie values quoted by Jorgensen and Berthou 
were used, tl ie re fo re , as they were very n e a rly  the  same values c a lc u la te d  
by th e  previous method and were now standard  d a ta .
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3 ,3 .4  S e n s i t iv i ty  fa c to rs  fo r  low tem perature study  (315-353^X3
.As in d ic a ted  above, the  peak h e ig h ts  o f the  m e ta ll ic  components o f 
tlie  a llo y  and the  elem ental im p u ritie s  on tlie su rface  may be norm alized 
to  atomic p e rcen t u sing  fa c to rs  r e la t in g  tlie s e n s i t iv i ty  o f  p a r t ic u la r  
peaks to  th a t  o f the  f lu o r in e  Is  le v e l .  In o rd er to  estim ate  the  
com position o f  the  ox ides, fa c to rs  must be ob tained  r e la t in g  the  r e la t iv e  
s e n s i t iv i t i e s  o f  tlie  m e ta ll ic  ions in  th e i r  ap p ro p ria te  compounds. These 
d i f f e r  from tliose o f  th e  pure elem ents because o f  t h e i r  d if f e r in g  l in e  
shape which i s  o fte n  most e a s i ly  ap p rec ia ted  by the  dianges in  th e  h a l f  
h e ig h t widtli o f th e  l in e .  I t  has been the p ra c tic e  in  th is  lab o ra to ry  to  
o b ta in  the  s e n s i t iv i ty  f a c to r  fo r  im portant ox ides, r e la t iv e  to  th a t  fo r  
tlie  p a ren t m etal and thus to  th a t  fo r  f lu o r in e , by in s i tu  o x id a tio n  o f  
the  evaporated m etal to  a thermo dynamical ly  c o n tro lle d  f in a l  s t a t e .  
U nfortunately  th is  proved im possible fo r  the  o x id a tio n  o f Cr to  Ch^O  ^
which always formed a p ro te c tiv e  oxide o f  le s s e r  tliic to iess than  the  mean 
escape depth o f  th e  e le c tro n s . Hie p o s s ib i l i ty  o f  o b ta in in g  fa c to rs  by 
the  aqueous phase o x id a tio n  o f  chromium was in v e s tig a te d  b u t th ese  e rred  
s e r io u s ly  on the  low s id e  (e .g . 0 .40  fo r  Cr*** in  CrfOH)^) because o f 
su rface  contam ination by w ater m olecules. Hie values used fo r  tlie 
c a lc u la tio n  o f  the  depth p ro f i le s  p resen ted  in  the  follow ing re s u l ts  
s e c tio n , v iz .  C r*’* = 1.05 and Fe^ ^* (the maximum o f  tlie Fe^O^ m u ltip le t)  
- 0 . 7  f lu o r in e  I s  u n its  re s p e c tiv e ly , were ob tained  by comparison o f 
tlie  i n i t i a l  and f in a l  maximum peak h e ig h ts , such as tliosc in  F ig . 24, in  
a sequence o f sp ec tra  ob ta ined  during  the  ion e tch in g  o f  an a i r  formed 
oxide on an iron/chromium a llo y . It. i s  probable th a t  tlie values obtained  
in  th is  way e r r  on th e  h igh  s id e  fo r  chromium and on tlie low s id e  fo r  
iro n : the  value ob ta ined  by tlie change in  the  h a l f  w idth o f  tlie chromium 
l in e  i s  0 . 8 8  and the value obtained  fo r  iro n  by o x id a tio n  o f tlie pure 
m etal i s  0 . 9 6 . These l a t t e r  values have been used fo r  a l l
C f  r v ie b a l
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computations lead ing  to  the  d a ta  p resen ted  in  Chapter 3.
3 .3 .5  S e n s i t iv i ty  fa c to rs  fo r  high tem perature study (393-473^K)
(a} In tro d u c tio n
At t l i is  s tag e  a  more d e ta i le d  q u a n tita tiv e  a n a ly s is  could be 
undertaken because the  p h o to e lec tro n  peak p o s itio n s  and RVI-M had been 
e s ta b lish e d  fo r  peaks o f OH and H2^"^^2a d ^ ls  Zp^^^. A ta b le  o f such
d a ta  i s  given in  Table 3.
As ami had devised a coiiputer method o f su b tra c tin g  s tan d ard  
p h o to e lec tro n  sp e c tra  from m u lt ip le ts ,  thus producing a peak p r o f i le  o f 
tlie rem ain iig  peaks. The method suggested a p o s it io n  fo r  Fe^* 2p^/^ a t  
2 ev s h if te d  to  a h ig h e r b ind ing  energy from the m e ta ll ic  s t a t e .  This 
r e s u l t  confirmed th e  very  approximate method o f re so lv in g  out the  
d iffe ren c e  in  the  2p^^^ peaks o f  Fe^* from =Fe202  and tlie Fe^O^ m u lt ip le t ,  
shoim in  F ig . 25. Tlie peaks a re  norm alized to  tlie same peak h e ig h t so as 
to  determ ine the  d iffe ren c e  in  concav ity  o f tlie  lower b inding  energy s id e  
o f  th e  two peaks. The f ig u re  shows a p lo t  o f tlie  peak sep a ra tio n s  between 
706 and 710 ev b ind ing  energy. Hie g re a te s t  sep a ra tio n  a t  708 ev suggests 
th e  p o s it io n  o f  the  Fe^* maxima.
As ami a lso  determ ined th e  FIVFM value o f  the  Fe^* 2p^^^ peak a t
2.2 ev. These r e s u l ts  enabled a curve sy n th esis  a n a ly s is  to  be c a r r ie d
3/2out on a s tandard  Fe^O^ Fe2p ' spectrum , producing the  approximate s in g le t  
he ig lits  fo r  the  two sp e c tra  o f  Fe^^ and Fe^^ re sp e c tiv e ly . From the  
«Fe202  sample, tlie peak s e n s i t iv i ty  o f  th e  Fe^* peak could be determ ined 
ag a in s t -âie 0 “ Is  s ig n a l in te n s i ty  and loiown s e n s i t iv i ty  value o f  0 . 6  from 
Jorgensen and Bertliou’s work. A s im ila r  c a lc u la tio n  would thus y ie ld  fo r  
Fe^O^ a s e n s i t iv i ty  value fo r  Fe^^, to  enable the  r e la t iv e  co n cen tra tio n  
o f  th i s  component o f  the  passive  film s formed on s ta in le s s  s te e l  to  be 
c a lc u la te d .
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Table 3
S p ec tra l
peak
Chemical
spec ies
Peak BE 
p o s it io n  
(ev)
Chemical 
s h i f t  B 
(ev)
RVHM*
(ev)
S s D if. punp o i l 283.7 — -
0 = 529.8 2 . 1
° l s oh" 531.5 1.7 2.5
H2° / ° 2ad 533.0 3.2 3.5
Fe m etal 706.5 2 . 2
Fe 2p3 / 2
Fe^+
Fe^+feFezOg)
708.5
710.7
2 . 0
4.2
2 . 2
3.6
Fe^'^(FeOOH) 712.2 5.7 4.2
Cr m etal 573.7 2 . 2
Cr 2p 3 / 2 Cr^* CrgOg 
Cr^* Cr(OH)-4H20
576.0 
576.6^
2.3
2.9
3.1
N/A
Cr^+ CrOOH 577.o f 3.3 N/A
Ni m etal 853.6 1.7
Ni 2p/32 Ni^+ NiO 
Ni^* N i(OH) 2
856.1
857.0
2.5
3.4
2.7
3.1%
a f t e r  background s u b tra c tio n
Asajiii
McIntyre
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(bj Calcu l a tio n  o f peak s e n s i t iv i ty  values (F u n its )
f o r :  =Fe^O^, Cr^O?, Fe^O^ and  NiO ----------------z—*5-'——Z—3"=----- 0“ 4------------
Hie in te n s i t ie s  o f  the  s ig n a ls  M^^3/2 (M^^) and 0^^(0 ) may be 
measured by XPS fo r  a compound w itli th e  minimLun o f  su rface  contam ination. 
This method o f  determ ining s e n s i t iv i ty  fa c to rs  i s  an approxim ation metliod 
used in  th is  case where no a l te rn a t iv e  d a ta  is  a v a ila b le . I t  i s  assumed 
tl ia t  changes o f  A(E) w itli chemical compounds o f  d if f e r in g  s tru c tu re  are  
n e g lig ib le  and th a t  th e  oxides in  th i s  work are e n t i r e ly  io n ic . Hie 
c a lc u la tio n  o f  the  s e n s i t iv i ty  fa c to rs  fo r  Fe2 0 2 , Fe^O^^ ^^2^3 
w ill  be given beloiv.
Comjiound (1) -  Fe^O^
Produced on pure iro n  a t  1273°C fo r 30 minutes in  a i r .
'0 I = 4880 (cps) Jg = 0 .6
Fe 2p 3 / 2  Fe^'^ I = 2509 (cps) Jp^3+ =
For 1^ 2 0 ^ th e  r a t io  o f  ions i s  given by:
|FeS+| 3
3+1 , i„=i 5|Fei I + |0  
By (7) we have th a t
Fe 2p^/^ (Fe^*)
o T (0 ) Fe 2 p3 / 2  ^  + --------
J q= j  Fe^*
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An a l te rn a t iv e  ro u te  to  determ ine tlie s e n s i t iv i ty  fa c to r  i s  to  
compare the RVHM values o f  and Fe m etal peaks.
From Table 3 we have th a t :
FIVHM (ev).
Fe m etal 2 .2  1.1
3 .6  ?
^FeS/Z =
Tliis i s  mucli la rg e r  than  tlie value o f  0.46 c a lc u la te d  above because i t  
ignores th e  lo s s  o f  e le c tro n s  in to  tlie broad s a t e l l i t e  between the  
2p^^^ and 2p^^^ peaks.
A s im ila r  c a lc u la tio n  was used in  the  low tem perature study
(313-353°K) fo r  th e  determ ina tion  o f  Cr^* s e n s i t iv i ty  peak which y ie ld ed
3/2a value 0 . 8 8 . Cr202  does n o t have a s a t e l l i t e  broadening th e  2p peak,
and a comparison o f  th is  value i s  made below from observed peak h e ig h t 
d a ta .
Compound (2) -  Cr^O^
Produced a t  1123°K under CO2 atmosphere in  an au toclave  fo r  1 hour.
0 ^^ = 1 1 0 1 2  (cps) Jcy3+ = ?
Cr 2p 3^2 J ^ 9645 (cps) = 0 . 6
The compoLuid is  o f  the  form FegOg, so by a s im ila r  c a lc u la tio n  we a r r iv e  
a t :
Hie value o f  0.79 compares w ell w ith  t l ia t  o f 0.88 because s a t e l l i t e s  are  
le s s  im portant w ith cliromium compounds.
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3+From th e  value o f  0.46 derived  fo r  the  s e n s i t iv i ty  fa c to r  fo r  Fe 
above, th e  s e n s i t iv i ty  value fo r  Fe^^ may be determ ined from tlie m u ltip le t 
sp e c tra  o f m agnetite Fe^O^.
Compound (3) -  Fe^O^
Produced a t  1123°K under a CO2 atmosphere in  an au toclave  fo r  one hour,
0^^ 0 “ I = 2336 (cps) J q= = 0 .6
Fe 2p^/^ Fe^* I = 807 (cps) ) Determined Jp  2+ = ?
^ ^  ) from curve
Fe 2p Fe I = 1345 (cps) ) s)n ithesis  Jp^S* = 0.46
Fe2p3/2 Fe^*
1 ^Fe^^Z
F e ^  1 +  | F e ^  I +  1 ^  I ^  .  F e 2 p ^ ^ ^ ( F e ^ ‘ ^ )  F e 2 p ^ / ^ ( F e ^ ^ )  0 ^ ^ ( 0  )
+
From the expression  above:
JpeZ+ = = 0-71
Compound (4) ~ NiO
Produced by h ea tin g  n ic k e l in  a i r  a t  about 1300°C.
Ni 2p^/Z NiZ+ I = 5705 (cps) Jj^ ^^ 2+
0 “ I = 9020 (cps) Jq=
Ni2p3/Z(Ni2+)
" " " I —  .  0 . 5 -----------------^I * |0  I Ni2pl''Z (N iZ ') 0  (O ')
ONiZ+ Oo=
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= ^^9020' —  " 0.394 ~ 0.39
Hie 2p^^Z {iji p h o to e lec tro n  peak o f  NiO has a s a t e l l i t e  which i s  
ignored in  th is  c a lc u la t io n , as i t  i s  in  a co n stan t h e ig h t r a t io  to  th a t  
o f tlie  main peak.
F in a lly , the  s e n s i t iv i ty  values fo r  OH and H20 / 0 2 ^^g, were 
determ ined by comparison o f  the  RvHM d a ta  a v a ilab le  from standard  sp e c tra  
whicli were experim entally  observed. By applying eqn. (6 ) the  follow ing 
r e s u l ts  were produced:
SPECIES (O^g) FWHM (ev) SENSITIVITY FACTOR (J)
0” 2.1 0 .60  (Jorgensen & Berthou)
oh" 2.5 0 .50
^ 2°^^2ad
3.4 TRANSFER TECHNIQUE AND FILM THICKNESS CALCULATIONS
T ransfer o f  specimens from the  spectrom eter to  th e  aqueous phase 
and v ice  ve rsa  re q u ire s  a  b r i e f  exjiosure to  a i r .  A s e t  o f  simple 
experim ents were th e re fo re  c a r r ie d  ou t in  which ion  cleaned  specimens 
which had been b r ie f ly  exposed to  aqueous cond itions were compared w ith  
co n tro l specimens whicli had n o t been immersed. In  a l l  cases except the 
d rie d  a i r  exposure, the  specimens were tra n s fe r re d  tlirough the  lab o ra to ry  
a i r .
The specimens were su b jec ted  to  3 x 300 s exposures, w ith  XPS 
a n a ly s is  dur.ing the  in te rv en in g  p e rio d s , to  the  follow ing con d itio n :
1. D is t i l le d  w ater
2, D e-aera ted , d i s t i l l e d  w ater
I l l
3. A ir
4. Dried a i r  in  tlie p re p a ra tio n  chamber
Peak to  peak r a t io s  o f  in te n s i t i e s  o f 0/Fe and Cr/Fe a re  p lo tte d  
w itli exposure tim es in  F ig s . 26(a) and 26(b). These f ig u re s  show th a t  tlie 
t r a n s fe r  through humid a i r  does n o t obscure very  im portant changes in  the  
n a tu re  o f  tlie su rface  lay e rs  on tlie s te e l  which become apparent during 
tlie second 300 s exposure. Ttius the  p o ss ib le  ab so rp tio n  o f w ater from 
a i r  which appears to  occur to  a sm all e x ten t does no t obscure tlie massive 
in c rease  in  oxygen from adsorbed w ater, which occurs on immersion.
There a lso  occur in te r e s t in g  changes in  tlie apparent r a t io  o f  iro n  
and chromium showing th a t  the  e f f e c t  .of immersion i s  n o t obscured by a i r  
t r a n s f e r .  However, f u l l  in te rp re ta t io n  o f  sud i r e la t iv e  peak h e ig h ts  
re q u ire s  t h e i r  deconvolution from tlie peaks a r is in g  from tlie underly ing  
m eta l, t h e i r  no rm aliza tion  w ith  ap p ro p ria te  s e n s i t iv i ty  f a c to r s ,  and in  
a d d itio n  some c o n sid e ra tio n  o f  the  p o ss ib le  th ickness and depth o f the  
em ittin g  m a te r ia l. I t  i s  p o ss ib le  to  estim ate  th ickness by considering  
tlie ab so rp tion  o f  th e  pho to e lec tro n s  to  obey tlie Beer-Lambert 
r e l a t i o n s h i p . T l i e  in te n s i ty  w i l l  depend, fo r  a given species  and 
co n cen tra tio n , on th e  th ickness o f  tlie photoem itting  la y e r ,  tlie  thiclcness 
o f  any absorbing la y e r ,  and the  angle o f  c o lle c t io n  o f  the  e le c tro n s .
For c l a r i t y  in  the  fo llow ing equations these  param eters a re  w r i t te n , as 
req u ired  and in  th e  o rd er given above, as su b sc rip ts  to  the  in te n s i ty  
symbol I .  There a re  four im portant c ase s , as fo llow s:
I« i s  the  s ig n a l from an in f in i t e ly  th ic k , c lea n , la y e r  o r  
s u b s tra te .  Except at. very  low an g les , t l i is  value w il l  be 
independent o f  the  c o lle c t io n  angle 6 .
I<»d^ 0 i s  the  s ig n a l from th e  in f in i te ly  th ic k  la y e r  when covered 
w ith  an absorbing la y e r  o f  th ic k n e ss ,
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Id^G is  tlie  s ig n a l from a c lean  la y e r  o f  th ick n ess ,
is  th e  s ig n a l from a la y e r  o f  tliic lm ess, Ô.2 , when covered
w ith  an absorbing la y e r  o f  tliic la iess , d^.
By r e la t in g  any one o f  the  l a t t e r  th ree  in te n s i t ie s  to  the  re fe ren ce
v a lu e , I<», we e lim in a te  the  dependence o f  tlie s ig n a l s tre n g th  on
co n cen tra tio n , p h o to e lec tro n  c ro s s -s e c tio n  and in strum en ta l fa c to rs  and 
h ig h lig h t the  th ic la iess  re la tio n s h ip s  thus;
lood. 9
  = exp [-d ./X  s in  8 ) (1 )
l o o  ^
where A is  th e  c h a r a c te r is t ic  abso rp tio n  lengtli o f  tlie e le c tro n
id^e
1 -  exp (-d^/A s in  6} (2)
and
= exp (-d ./A  s in  6) (1 -  exp (-d?/A s in  6 )
= exp -  d^/A s in  0 -  exp (-(d^+d2 )/A s in  6 ] (3)
The d e riv a tio n  o f  (3) has been d iscussed  by Fadley,^^^^
For the  purpose o f  tlie p re se n t d iscu ssio n  o f t r a n s fe r  technic^ues 
tlie f a c t  i s  used th a t  n ic k e l does no t appear to  e n te r  as an ion  in to  any 
o f  th e  oxide film s formed in  tlie t e s t  exposures. Tlie a tte n u a tio n  o f the 
n ic k e l s ig n a l by the  absorbing la y e r , in  e q n .(1 ) ,  can be used to  estim ate
tlie th ic la iess  o f  the  ox ide, p lus th a t  o f  any contam inants o r bound w ater
m olecules, wiiich i s  formed o r p icked  up during the  exposure. I#  i s  the 
Ni2p3 / 2  e le c tro n  in te n s i ty  from the  ion  cleaned su rface  and I^d^G is  the  
corresponding s ig n a l a f t e r  exposure. The c o lle c tio n  an g le , 6 , fo r  the  
spectrom eter i s  45° and th e  ab so rp tio n  leng tli, A, is  taken as 1.5 nm.
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Tlie tliickness o f  the  p roduct la y e rs  ^  d^, ob tained  by t l i is  metliod are  
given in  Table 4. They show th a t  tlie  d iffe ren ce  in  specimens which i s  
d e tec ted  by means o f  tlie elem ental r a t io s  a f te r  600 s i s  a lready  
o ccu rring  in  tenus o f  tliickness a f t e r  only 300 s exposure. 'Die n e c e ss ity  
tl ie re fc re  i s  to  work w ith  t r a n s fe r  tim es o f  no more tiian 300 s d u ra tio n .
F ig s . 27 and 28 show th e  sp e c tra  o f Fe, Cr, N i, 2p^^^ and 0^^ before
and a f t e r  300 s exposure to  a i r .  Hie sp e c tra  show tlie  form ation o f iro n  
and chromium ox ides. Hie n ic k e l i s  seen n o t to  o x id ise . The time o f
300 s i s  a s u ita b le  time fo r  t r a n s f e r  o f  specimens to  and from the
spectrom eter and co rro s io n  c e l l s .  Hie passive  film  so formed appears 
to  be a  m ixture o f  ox id ised  iro n  and chromium w ith  a 
contam ination la y e r  o f  adsorbed oxygen and w ater to ta l l in g  a. th ickness 
o f  ca . 0 .8  nm. I t  was decided a t  t h i s  s tag e  th a t  i f  such a film  was 
ab le  to  s e r io u s ly  a l t e r  tlie  n a tu re  o f  the  r e s u l ta n t  p assiv e  f ilm  in  w ater 
a t  tlie  various tem peratures o f  in te r e s t ,  tlien a p re lim in ary  study a t  low 
tem perature should re v e a l any such e f f e c t .  H iis w i l l  be described  in  the  
n ex t c liap ter.
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TABLE4.: PASSIVE LAYER THICKNESS (nm).
TIME OF DRIED AIR NORMAL AERATED DEAERATED
EXPOSURE 298 K HUMIDITY WATER 298 K WATER 298 i<
(SECS) AIR 298 K
300 0.49 0.78 2.0 > 2 .0
600 0.73 0.78 > 2 .0 > 2 .0
900 0.87 1.0 > 2 .0 > 2 .0
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4 .0  XPS ANALYSIS OF TIE PASSIVE LAYERS FORMED ON A COMÆRCIAL GRADE
STAINLESS STEEL EXPOSED TO HIGH PURITY DEOXYGENATED WATER AT
515 AND 353°K
4.1  INTRODUCTION
As in d ic a ted  by the  previous d iscussions o f Chapter 3 on tlie 
p r a c t ic a l  and th e o re t ic a l  procedures fo r  carry in g  ou t a q u a n tita tiv e  
o r s e n d -q u an tita tiv e  XPS analysis^  tlie study o f  tlie aqueous phase 
o x id a tio n  o f s ta in le s s  s te e l  i s  as much a study o f the  p o te n tia l  use o f 
XPS as o f  th e  su b je c t i t s e l f .
For th is  purpose i t  has been chosen to  study tlie development o f  the 
oxide on a commercial-grade 18-8 s ta in le s s  s te e l  in  low co n d u c tiv ity , 
deoKygenated w ater as a fu n c tio n  o f  tim e, tem perature and so lu tio n  
refreslanen t r a te .  The cond itions used covered a wide enough range fo r  
system atic  v a r ia t io n  in  tlie su rface  com position to  be expected and tlius 
to  provide a t e s t  o f  th e  a b i l i t y  o f  XPS to  reveal such responses to  
environm ental fa c to rs .  I t  was hoped t lia t  such a study would d e lin e a te  
tlie u se fu l range o f  the  XPS teclinique as a p re lim inary  to  the  study o f  
tlie co rro sio n  o f  s ta in le s s  s te e l  in  high p re ssu re , high tem perature 
w ater to  be rep o rted  in  Chapter 5.
4 .2  EXPERIMENTAL DESIGN
Hie main eiqperiment was designed to  show i f  lo ss  o f m a te ria l from 
th e  su rface  by s e le c t iv e  d is so lu t io n  would modify tlie com position o f 
the  passive  la y e r over a p e rio d  o f  tim e. Organic contam ination o f 
w ater p resen ts  problems in  XPS an a ly s is  and in  t l i is  re sp e c t d e -io n ised  
w ater i s  le s s  s a t i s f a c to r y  than d i s t i l l e d  w ater. XPS was ab le to  d e te c t 
o rgan ic  contam ination from the w ater, suggesting  tra c e s  o f  o rganic  
r e s in  o r i t s  by-p roducts. A sim ple t e s t  was s e t  up to  compare d i s t i l l e d
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deion ized  w ater and deion ized  w ater. The r e s u l ts  a re  shown below.
C onductiv ity  pH 
(x 1.28 yS)
Deionized w ater exposed to  a i r
fo r  one hour 0 .45 7
B oiled deion ized  w ater exposed to
a i r  fo r  one hour 1.45 5.5
D eionized w ater t r i p ly  d i s t i l l e d
(NaOH/KIlnO^) and exposed to  a i r  fo r  0 .78 6.7
one hour.
Exposure to  a i r  allow ed fo r  d is so lu t io n  o f  atm ospheric carbon 
dioxide forming a s l ig h t  a c id i ty .  However, tlie h igher a c id i ty  and 
co n d u c tiv ity  found in  the  b o ile d  deionized  w ater was considered  to  be due to  
tlie  breakdoivn o f tra c e s  o f  o rgan ic  re s in  to  wealc a c id s . D is t i l l in g  the 
deion ized  w ater in  th e  o x id is in g  medium enabled the  r e s in  to  be 
com pletely converted  to  tlie a c id  form whereupon sodium hydroxide 
n e u tra liz e d  th e  ac id  to  a s a l t ,  w liidi enabled th e  w ater d i s t i l l e d  from 
t l i is  m ixture to  be c o lle c te d  f re e  o f  re s in .  This removed tlie p o s s ib i l i ty  
o f  the  re s in  in te r f e r in g  w itli the  pH o f  the w a ter, which was to  be 
n e u tra l  fo r  th i s  p re lim in ary  work.
Arrangements were th e re fo re  made fo r  the w ater supply to  be d ram  
d ir e c t ly  from a loop in  which deion ized  w ater was m u l t ip l i - d i s t i l l e d  
from a lk a lin e  potassium  permanganate so lu tio n . The w ater was deoxygenated 
w ith  oxygen fre e  n itro g e n , which was scrubbed as shorn  in  F ig . 1 (b) ,  u n t i l  
i t s  oxygen le v e l was $ 1 ppm O2 (yg/1) measured by a Mackeretli c e l l  
(E. I .L.  1510 ox)'^gen m ete r). Hie co n d u ctiv ity  o f th e  w ater was < 1 yS 
and the  pH value = 6 . 7  Hie w ater was fed  by a multichanne]. p e r i s t a l t i c  
pump to  the  t e s t  c e l l s  (F ig . 1) .
The refreshm ent r a te s  and c e l l  volumes were s e t  in  r e la t io n  to  th e  
s a tu ra tio n  co n cen tra tio n  o f  Fe** ion  in  equ ilib rium  w ith  Fo(OH)^ a t
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pH Tlie c e l l  volume was 5 ml and, tak ing  a s o lu b i l i ty  o f
p  ^  *1 O5 X 10~ g l” , the  th ick n ess  o f  Fe (OH)  ^ d isso lved  from a sample o f  1 cm 
in  reacliing s a tu ra t io n  would be -  0 .5  nm. This is  comparable w ith  the 
f ilm  th ick n esses  determ ined by XPS and tlius some response to  refreshm ent 
r a te s  should be d e te c ta b le . Values o f  1, 3 and 6 m l/h were chosen.
These sm all ra te s  would be capable o f  removing Fe(0H) 2  a t  a r a te  
commensurate w ith  probable film  growth ra te s  a t  low tem peratures.
A ll specimens were ion  etched  as described  above, immersed in  the 
t e s t  c e l l  fo r  1 o r 3 hours a t  313 o r  353°K, tra n s fe r re d  ra p id ly  to  the 
spectrom eter and examined, f i r s t  w ithou t e tch ing  and tlien a t  in te rv a ls  as 
tlie film s were etched back to  th e  m e ta llic  spectrum . Spectrographic 
an a ly s is  o f  th e  s ta in le s s  s te e l  used i s  given below in  weight p e rcen t.
S i Mn Mo Cr Ni Cu Ti, Nb Fe
0.83 1.22 <0.15 18.2 9 .1  0.11 <0.05 <0.2 Balance
Carbon i s  n o t d e tec ted  by th is  in strum ent.
4 .3  RESULTS
Tliis i n i t i a l  programme o f  work produced 540 in d iv id u a l p h o to e lec tron  
peaks o f  which a fu r th e r  200  were s p l i t  in to  t l ie i r  c o n s ti tu e n t chemical 
s ta te s  by deconvolution (using the  d a ta  system and solfw are supp lied  by 
Vacuum G en era to rs). Tliese d a ta  have been used to  determ ine the  to ta l  
oxide th ic la iess  and the  iro n  to  chromium r a t io  in  i t s  o u te r 33% o f  oxide 
(Table l ) : only re p re se n ta tiv e  samples o f  the  in d iv id u a l sp e c tra  and
com position p ro f i le s  a re  reproduced h e re . I t  can be seen from F ig . 2 
th a t  the  d iffe ren c e  in  chemical p ro f i le s  determ ined by tlic two s e ts  o f 
s e n s i t iv i ty  fa c to rs  fo r  tlie  Cr^* 2p^/^ and tlie Fe^O^ Fe 2p^^^ max., 
mentioned in  Section  3 . 3 . 4 ,  a re  very s l ig h t ,  and in  p a r t ic u la r  the 
c a lc u la tio n  o f  the oxide th ic le icss  is  in  no way a ffe c te d . F igs. 3 to  6
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show the  com position p ro f i le s  ob ta ined  fo r  samples exposed a t  1 m l/h and 
6 m l/h re sp e c tiv e ly . Hie curves fo r  3 nü./h d id  n o t d i f f e r  s ig n if ic a n t ly  
from those a t  1 m l/h and one re p re se n ta tiv e  only i s  included  as F ig . 2. 
Each com position p ro f i le  was examined and the  in te r fa c e  reg ion  id e n t i f ie d  
by the  change o f slope where the  oxygen co n cen tra tio n  reached i t s  
p la te a u  (P o in t A, F ig . 3 ). Tlie n ic k e l s ig n a l a t  th is  p o in t was tlien 
measured and used as th e  values fo r  I«> in  eqn. (1) o f  S ection  3.4.  Hie 
i n i t i a l  value fo r  th e  n ic k e l s ig n a l ob tained  p r io r  to  e tch in g  gives l«d .^0 
and hence to t a l  f ilm  tliic la iess  i s  ra p id ly  ob tained  from e q n .( l ) .  F ig . 7 
gives the  tliic la iess va lues as a fu n c tio n  o f the  o p e ra tio n a l v a r ia b le s .
R iis  th ickness value was then  used to  norm alize the  e tch  ra te  sca le  and to  
y ie ld  tlie  tliickness sca le  used in  F igs. 3 to  6 . The samples which were 
exposed a t  353°K formed a film  o f  a tliic la iess which obscured th e  i n i t i a l  
n ic k e l s ig n a l com pletely. In  t l i is  case the  d iffe ren c e  between th e  n ic k e l 
value a f te r  10  s e tch in g  and th a t  a t  the  ox)^gen p la te a u  was used to  
c a l ib ra te  tlie  e td i  r a t e .  Tlie m a te ria l removed in  the  i n i t i a l ’10 s was 
estim ated  by using  the  change in  tlie carbon and tlie Cr ' s ig n a ls  over 
t l i is  p e rio d . Hie red u c tio n  in  tlie carbon s ig n a l gave a value o f  
0 .6  nm and tlie in c rease  in  the  Cr*^^ gave 0.75 nm. Tliese values would 
n o t be expected to  be id e n t ic a l  s in ce  w ater w il l  a lso  be removed in  
a d d itio n  to  carbon and th e re  may a lso  be a genuine in c rease  in  Cr 
u n re la ted  to  tlie decrease in  su rface  contam ination. However, a f ig u re  o f 
around 0 . 6  nm should be added to  t l ia t  determ ined by tlie in c rease  in  tlie 
n ic k e l s ig n a l to  y ie ld  the  to t a l  tliic la iess estim ates  fo r  353°K and t l i is  
has been done in  Table 1 and F igs. 7 and 10.
From th e  p ro f i le s  tlie  r e la t iv e  concen tra tions o f  chromirmi and iro n  
a re  ob ta ined . Hie outerm ost reg ion  o f the  oxide i s  l ik e ly  to  r e f le c t  
most s tro n g ly  any dependence o f  s e le c t iv e  d is so lu tio n  as a fu n c tio n  o f 
refreshm ent ra te  and hence in  Table 1 i s  l i s t e d  th e  values fo r  the  o u te r
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TEMP °C FLOW- TOTAL %/Cr IN Ni TIME OF PASSIVE FILMTIME (hrs) RATE OUTER 33% OF Cr MAX:(at%) MIN% -MAX% ETCH (secs) THICKNESS (nm)ml/hr PASSIVE LAYER
1 Hr 313 K
1 4.1 12 3 - 9 0 - 2 4 0 1.2
3 3.5 15 3 - 1 0 0 - 1 8 0 1.3
6 2.3 19 2 - 1 0 0 -  120 1.7
1 Hr 353 K
1 4.6 13 3.9 -  7.2 10 — 60 1.8
3 3.4 20 1 -  7 1 2 - 9 0 2.7
6 8.7 11 1 - 7 20 -  120 2.7
3 Hr 313 K
1 4.4 16 3 - 1 0 0 - 1 2 0 1.3
3 3.2 16 1 - 5 .5 0 - 2 4 0 1.8
6 9.1 15 1 - 7 0 - 2 4 0 2.2
3 Hr 353 K
1 4.3 20 1 - 7 1 1 - 9 0 2,7
3 6.9 15 1 - 6 .5 0 - 9 0 2.6
6 2.3 22 1 - 9 1 0 -1 2 0 2.9
GENERAL DATA
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3 3 % o f  the film  th ick n ess . Hiese values a lso  have the  advantage o f le s s  
in te rfe re n c e  from th e  s ig n a l a r is in g  from the  underly ing  m etal. The 
s c a t te r  a t  1 and 3 m l/h i s  s l ig h t  and no system atic  dependence on flow 
ra te  can be d iscerned . The r a t i o s ,  in  Table 1, are  grouped around tlie 
value expected fo r the  bulk  m etal suggesting  tl ia t  tlie oxide com position 
i s  c lo se  to  th a t  of th e  m eta l. The s c a t te r  a t  the  6 ml i s  so la rg e  t l ia t  
i t  appears an u n co n tro lled  fa c to r  may be im portant a t  the  h igher flow 
r a te .
4 .4  DISCUSSION
From tlie ex tensive  number o f  sp e c tra  recorded during  th is  work tivo 
v a ria b le s  have been e x tra c te d , ’film  tliic k n e ss ’ and ’o u te r  film  
com position’ . Tliese suimiiarize tlie behaviour o f 18-8 s ta in le s s  s t e e l  in  
w ater as a fu n c tio n  o f  tim e, tem perature and f lo w -ra te . Hie only 
su b jec tiv e  judgement was th e  id e n t i f ic a t io n  o f  tlie  ox ide/m etal in te r fa c e  
from tlie oxygen p r o f i l e ;  to g e th e r w itli the  assumption th a t  n ic k e l was 
excluded, on themidynamic grounds, from the  oxide i t s e l f .  Otherwise the  
’th ic h ie s s e s ’ were c a lc u la te d  using  th e  b e s t  e stim ate  o f  X c u rre n tly  
a v a i l a b l e . How^ever, o th e r in te rp re ta t io n s  o f th ese  d a ta  are  p o ss ib le  
and need to  be considered . For example, tlie s teady  decrease in  the  n ic k e l 
s ig n a l could a r is e  from a p ro g ress iv e  in c rease  in  tlie a rea  o f  the  
overly ing  oxide ra tlie r  than  in  i t s  th ick n ess . In  p r in c ip le  th is  qu estio n  
can be reso lved  by in v e s t ig a tin g  tlie  dependence o f tlie s ig n a l from the 
s u b s tra te  on tlie angle o f  c o l le c t io n  o f  the  e le c tro n s , i . e .  confirm ing 
th a t  th e  change in  in te n s i ty  i s  th a t  exjiected fo r  the  model o f a s u b s tra te  
covered witli a uniform , absorbing la y e r . Tlie ap p ro p ria te  equation , which 
is  re a d ily  derived  from e q n .(1) o f  S ection  3.4,  i s :
loode. .
 = exp -  Y (cosec 6 -, -  cosec 0 ^) f l)W 0 2  A 1 z
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where d i s  the  t o t a l  th ick n ess  o f  the product la y e r masking the  s u b s tra te .  
A s p e c ia l ly  prepared  specimen w ith  s tep s  machined to  give take o f f  angles 
o f  75° and 15° re s p e c tiv e ly , according to  o r i e n t a t i o n , w a s  used to  
in v e s t ig a te  th i s  p o s s ib i l i ty .  A fte r  ion e td iin g  in  bo th  o r ie n ta tio n s  
th e  sample was exposed in  tlie s tan d a rd  way to  w ater a t  313°K flow ing a t  
3 m l/h fo r  3 hours. A fte r  th i s  trea tm en t n ic k e l was j u s t  v is ib le  in  the  
spectrum  ob ta ined  a t  75° b u t could n o t be seen in  tlie 15° spectrum . A 
uniform  la y e r  (d) o f  th ick n ess  % 0 . 6  nm would be s u f f ic ie n t  to  cause such 
a tte n u a tio n  and the  experim ent i s  n o t a very  s e n s i t iv e  t e s t  o f tlie  model. 
Hie a tte n u a tio n  o f th e  chromium s ig n a l .  F ig . 8 , cou ld , however, be 
measured a ccu ra te ly : the  r a t io  o f the  peak h e ig h ts  was 3.1 which y ie ld s  a 
value o f  d = 1 .2  nm when in s e r te d  in  eqn. (1 ). By c o n tra s t  w ith  the  
behaviour o f chromium m etal th e  s ig n a l from Cr^^* remains unchanged on 
going to  the  g re a te r  c o lle c t io n  ang le . H iere i s  no way in  which such a 
r e s u l t  can be reco n c iled  w itli tlie  requirem ents o f  eqn. (1 ) bu t i t  i s  to  be 
expected from eqn. (3) o f  S ection  3 .4 , derived  fo r  tlie  case in  whicli a th in  
la y e r  o f  em ittin g  m a te ria l i s  covered w ith  a la y e r  o f  absorbing
m a te r ia l. Hie dependence o f  Id^d^e on 0 w i l l  vary  tlie in d iv id u a l values 
o f  0-2 and d^, tlie e m ittin g  and th e  absorbing lay e rs  re sp e c tiv e ly  and i s  
rep resen ted  fo r  tlie  tivo angles in  questio n  by the  curves given in  F ig . 8 . 
Hie s ig n a l s tre n g th  i s  independent o f  angles w itliin  tlie  hatched zone on - 
the  f i e ld  r e la t in g  to t a l  f ilm  tliic la ie ss , d (= d^ + d^) to  the  absorbing 
tliic la ie ss , d^. Hie value o f  d i s  laioim to  be 1 .2 nm from observation  o f 
th e  s ig n a l from m e ta llic  chromium and thus d^ i s  approxim ately 0 , 6  nm.
I t  i s  tlius concluded t lia t  tlie film  i s  duplex in  s tru c tu re  wdtli only the  
in n e r la y e r  co n ta in ing  the  chromium io n s .
Hie method j u s t  desc rib ed  in  which a v a r ia t io n  o f  c o lle c t io n  angle 
i s  used to  o b ta in  s t r u c tu r a l  in form ation  i s  a novel and p o te n t ia l ly  
va luab le  teclinique fo r  very  th in  f ilm s , p a r t ic u la r ly  so s in ce  i t  i s
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non-dest r a c t i v e . However, in  th e  p re sen t case , i t  was used fo r  one 
specimen only and n e it l ie r  a n a ly s is  o f  th e  n ick e l s ig n a l ,  nor tl ia t  o f the  
iro n , gave conclusions which were as c le a r  cu t as tliose o f  chromium. For 
t l i is  reason th e  conclusion  reg ard in g  th e  duplex s tru c tu re  needs checking 
a g a in s t tlie  bulk  o f  the  d a ta  which was ob tained  in  tlie conventional way 
by ion  e tch in g . Hie a n a ly s is  o f  the  o u te r th i r d  o f  th e  depth p ro f i le  
(Table 1) showed th a t  th e  mean film  com position w ith  re sp ec t to  chromiuiii 
and iro n  may n o t be very  d i f f e r e n t  from th a t  o f  the  bu lk  m etal.
However i t  i s  apparent from tlie a c tu a l p ro f i le s  th a t  th e re  a re  sharp 
co n cen tra tio n  g rad ien ts  w itliin  th i s  p a r t  o f th e  f ilm  and a more s e n s i t iv e  
an a ly s is  o f the  com position p r o f i le  upon the  film  would be based on a 
p o in t by p o in t an a ly s is  o f  the  s to ich io m etry . Sucli an a n a ly s is  i s  s e t  
ou t in  Table 2 fo r  a t ) ^ i c a l  specimen (3 h , 6 m l/h , 353^K). The pealc 
h e ig h ts  o f th e  cliarged sp ec ie s  a re  given ( a f te r  n o rm aliza tion  w ith  tlie 
ap p ro p ria te  s e n s i t iv i ty  fa c to rs )  and from these  the  anion and c a tio n  
charges a re  c a lc u la te d  assuming the  ions to  have th e  f u l l  charge given 
in  th e  column heading. The n e t charge in  the  f in a l  column c le a r ly  
supports the  conclusion  th a t  the  outerm ost la y e r  d i f f e r s  from the  r e s t  o f  
tlie  film  by being  r ic h  in  OH". Tliis r e s u l t  was w e ll supported  by the 
angu lar experim ent which gave a pronounced OH peak a t  low an g les. In  
p a r t ic u la r  the  peak h e ig h ts  o f  both  OH and '^^ 2^ /^ 2sid ^^en in  F ig . 9 
to  become sm aller compared w ith  th e  0 " peak as the  ion  e tch in g  proceeds.
The f in a l  an a ly s is  which can be made i s  th a t  o f tlie k in e tic s  o f  the  
f ilm  growtli. F ig . 10. In th i s  case th e  in fluence  o f tlie w ater flow ra te  
becomes c le a re r  when the  film  tliic la iess i s  p lo tte d  a g a in s t the  to ta l  
volimie o f w ater to  which the  sample was exposed. The p lo t  in  F ig . 10 
shows th a t  a  l in e a r  re la t io n s h ip  i s  obeyed a t  313°K and corresponds to  
growtli to  1.15 nm followed by w ater volume dependent growtli o f  
0.15 nm/cm^/ml. The d a ta  fo r  353°K a re  more s c a tte re d  b u t show a s im ila r
TABLE Z
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ETCH
TIME
(SECS) At%C
N O R M A LIS E D  (fluorine 
PEAK HEIGHTS units).
CHARGE
ANION CATION
Ols Cr2p3/2 Fe2p3/2 O H " * 0 ^ - Cr^’*'
TOTAL NET CHARGE 1 1
OH' O^ likely anion
0 56.7 78 9 14 78 156 37 27 64 ~14 “ 92 0H “
10 16.1 66 10 19 66 132 50 30 80 ■M 4 “ 52 0H “
30 8.5 47 14 15 47 92 40 42 82 +36 -  9 0 ^ -
60 14.0 34 11 20 34 68 52 33 85 +51 + 17 0 ^ “
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p a tte rn :  i n i t i a l  growtli to  1.95 nm follow ed by s te a d  a c re tio n  o f 
m a te ria l a t  th e  same r a te .
Tlius tlie re  a re  q u ite  d e f in i te ly  two p a r ts  in  tlie growtli curve to
match tlie con jec ted  duplex film . Assuming tl ia t  tlie o u te r  p a r t  o f  tlie
- ) - + +f ilm , i . e .  t l ia t  absorbing the  Cr ra d ia tio n , i s  a ' contam inent' la y e r  
p icked  up from the  w a ter, i t  i s  necessary  to  d iscu ss  i t s  source. There 
i s  o f  course no reason  why tlie p ick-up  o f  w ater i t s e l f  should depend on 
w ater volume and thus some o th e r  sp ec ies  must a lso  be involved: organic 
carbon and o)<ygen must be th e  main su sp ec ts . U nfortunately  tlie to ta l  
tliickness o f  the growtli in  the  second phase corresponds to  only a 
3 X 10  ^ p a r t  o f  the  w ater and, as has been shown, much o f  tl i is  i s  e i th e r  
OH o r w ater i t s e l f .  Tlius the contam inent sp ec ies  i s  a t  a le v e l much 
too sm all fo r  d e te c tio n  in  th e  aqueous phase. H e r c u l e s h a s  
dem onstrated how w ell s u i te d  is  XPS to  the d e te c tio n  o f  su rface  spec ies  
concen tra ted  from s u b -a n a ly tic a l le v e ls  in  so lu tio n . Of the two su sp ec ts , 
o rgan ic  m olecules seem to  be most l ik e ly  to  account fo r  the  s ta b i l iz a t io n  
o f  a su rface  ’bound w a te r’ la y e r . Tlie analyses show tl ia t  tlie outerm ost 
la y e rs  are  r ic h  in  o rgan ic  carbon and the  w ater m olecules would be 
s ta b i l iz e d  by hydrogen bonding. I t  i s  in te re s t in g  to  sp ecu la te  th a t  the  
la y e rs  o f  bound w ater d e tec ted  by e le c tro -  and radiochem ical tecliniques 
could r e s u l t  from th i s  phenomenon.
4.5 CONCLUSIONS
In the  in tro d u c tio n  to  th i s  work i t  was in d ic a ted  th a t  the  programno 
o f  work was in  p a r t  an exam ination o f  tlie XPS technique i t s e l f .  I t  has 
been attem pted to  show th a t  ead i o f  the expected p o in ts  o f  d i f f i c u l ty  
can be met and overcome, both  in  the  specimen p re p a ra tio n  and in  tlie 
exposure and a n a ly s is  s tag es  o f  the  experim ent. I t  has been shovvn th a t  
proper in te rp re ta t io n  o f  the  sp e c tra  leads to  tlic view th a t  the su rface
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product formed by immersion o f  s ta in le s s  s te e l  in  w ater has a duplex 
la y e r  s tru c tu re  o f  which only the  in n er la y e r  i s  r ic h  in  chromium. Tlie 
o u te r  la y e r i s  r ic h  in  OH ions and may in  fa c t  be tlie la y e r  o f  bound 
w ater rep o rted  by Okaraoto. '^Tliis o u te r la y e r  in c reases  in  th ickness when 
the  sanple i s  exposed to  g re a te r  volumes o f  w ater and does con ta in  
o rgan ic  m olecules. Tliese tifo conclusions may be lin k ed . F in a lly  i t  has 
been dem onstrated th a t  the  la y e r  s tru c tu re  o f very th in  film s (3 nm) 
may be in v e s tig a te d  by examining the  sp ec tra  as a fu n c tio n  o f c o lle c tio n  
a n g le .
This study  has shoAvn th a t  tlie  procedure fo r  c a rry in g  ou t an an a ly s is  
o f  tl i is  n a tu re  by XPS does n o t appear to  in te r f e re  w ith  the f in a l  r e s u l t s .  
Tlie s l ig h t  o x id a tio n  o f  th e  sanp les during t r a n s fe r  from tlie spectrom eter 
to  tlie co rro sio n  c e l l s  and v ice  v e rsa  i s  n o t found to  s e r io u s ly  mask the 
clianges in  the  n a tu re  o f  th e  f in a l  p ass iv e  la y e r  fo r  each o f tlie various 
s e ts  o f  experim ental co n d itio n s . F in a lly , tlie approxim ations made botli 
in  m u ltip le t  a n a ly s is  and in  tlie determ ination  o f  the  s e n s i t iv i ty  fa c to rs  
used in  th is  a n a ly s is  have n o t prevented  a meaningful and perhaps novel 
cliemical model being  co n stru c ted . The teclinique o f  XPS, d e sp ite  tlie 
d e f ic ie n c ie s  found a t  th is  s ta g e , seems em inently s u i ta b le  fo r  tlie fu r th e r  
study o f tlie pass iv e  la y e rs  formed a t  h igh  tem peratures.
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5 .0  XPS ANALYSIS OF THE PASSIVE LAYERS FORMED ON A COYMERCIAL GRADE 
STAINLESS STEEL EXPOSED TO HIQ-I PURITY DEQXYGENATED WATER AT 
393°, 433° and 473°K
5.1 INTRODUCTION
In Cliapter 3 an attem pt was described  to  remove many o f  the  
d e f ic ie n c ie s  in  m u ltip le t an a ly s is  and tlie de term ination  o f  s e n s i t iv i ty  
fa c to rs  which had been h ig h lig h te d  by the  low tem perature study . As a 
consequence o f the  experience gained in  the  low tem perature s tudy , a more 
conprehensive diem ical a n a ly s is  o f  th e  passive  products formed in  tlie  
range 393-473°K was undertaken. In  t i i is  range o f  te n p e ra tu re , s e le c tio n  
o f  m a te ria ls  fo r  th e  construction  o f  the  co rro sio n  c e l l  i s  c r i t i c a l ,  to  
avoid contam ination o f  tlie co rro d en t, which in  t l i is  case is  w ater. Bearing 
th is  in  mind, i t  w i l l  be d escribed  how some o f  th ese  problems were overcome 
in  th e  design o f  a s u i ta b le  co rro sio n  c e l l .
5 .2  EXPERIMENTAL
Hie conventional teclinique fo r  studying  re a c tio n s  in  high tem perature 
w ater u t i l i s e s  an au toclave which i s  heated  to g e th e r w ith  the  aqueous 
so lu tio n s  and re a c tio n  assembly. H iis method has two disadvantages when 
study ing  tlie form ation o f th e  very  th in  passive  la y e r : (a) tlie so lu tio n  
must be separa ted  from the  s te e l  p re ssu re  v e sse l to  avoid contam ination, 
and (b) the h ea tin g  systems are  r e la t iv e ly  la rg e , h in d erin g  rap id  
heating -up  and cooling-doim  which i s  e s s e n tia l  to  th e  sh o rt co rro sion  
t e s t s  o f 1-3 hours c a r r ie d  o u t in  th is  work in  o rd e r to  determ ine the  
i n i t i a l  k in e tic s  o f  f ilm  form ation. Hiese problems were circumvented in  
th is  work by use o f  a p re s su r ise d  enclosure  ra th e r  tlian an au toclave .
H iis v e sse l whicli i s  shown in  F ig . 1 can be f i l l e d  w ith  ’oxygen fre e  n i tro g e n ’ 
to  provide an in e r t  atmosphere up to  2070 kNm"^. Hie b o ilin g  p o in t
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o f  w ater a t  t l i is  p re ssu re  i s  500°K and th is  measurement can be made using  
in d iv id u a lly  h eated  g la ss  o r  PTFE c e l l s .
The p re ssu re  v e sse l can be seen from F ig . 2 to  have a la rg e  door, 
in  p r in c ip le  la rg e  enougli to  enable th e  b a s ic  experim ental apparatus used 
in  th e  low tem perature study to  be p laced  in s id e  the  v e s se l. In  p ra c tic e  
a m o d ified ,design  o f  a co rro sio n  c e l l ,  h e a te r , p e r i s t a l t i c  pump and a 
w ater re s e rv o ir ,  as w e ll as e f f lu e n t  t r a p ,  were adequately  s e t  up in s id e  
th i s  v e s se l. Hie v e sse l accommodated the  need fo r  a v a r ie ty  o f  e le c t r i c a l  
te rm inals  fo r  such items- as th e  p e r i s t a l t i c  punp, h e a te r  and e le c t r i c  bulb 
by condu iting  e l e c t r i c a l  w ire through one o f the  s id e  p o r ts .  Thermocouple 
compensating w ires were s e p a ra te ly  conduited in  a s im ila r  fash ion ,
A 160 mm diam eter viewing p o r t  was conveniently  s i tu a te d  a t  the  top 
su rface  o f  tlie v e s s e l ,  and w ith  tlie a id  o f a ’pygn^’ bulb lan p , ab le  to  
s u s ta in  p ressu res  o f  up to  2070 k Nnf^, the  experim ental se t-u p  could be 
observed, A p ressu re  gauge was mounted on a T -sec tio n  p ip in g  along w ith  
th e  main gas stopcock and a s a fe ty  va lv e . The p re ssu re  gauge was a ttach ed  
to  an autom atic re la y  c u t-o u t which tu rned  o f f  th e  e le c t r i c a l  supply to  
tlie  v e sse l i f  tlie  p re ssu re  dropped to  a predeterm ined le v e l .  This prevented 
th e  consequent excessive b o ilin g  o f f  o f  the  w ater as w ell as stopping  tlie 
experim ent.
5 ,2 .1  C orrosion c e l l  m a te ria l
Hie choice o f  co rro sio n  c e l l  m a te ria l i s  a c r i t i c a l  one, Mercer 
e t  al^^^) have po in ted  ou t th a t  s i l ic o n  pick-up may occur from s i l i c a  
co rro sio n  c e l l s ,  which may a l t e r  very  ra d ic a l ly  the  n a tu re  o f  the  co rro sio n  
p roduct. Unpublished work from th i s  la lio ra to ry , in  which samples were 
exposed a t  433^K fo r  extended periods up to  200  hours , showed tl ia t  indeed 
su d i a l te r a t io n s  to  the  co rro s io n  product may be r e la te d  to  s i l ic o n  pick-up
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whicli made ev iden t by XPS a n a ly s is . In the  low tem perature range o f 
313-353°K, and sh o r t co rro sio n  tim es o f  1-3 h s i l ic o n  p ick-up  was 
considered u n lik e ly , indeed XPS an a ly s is  o f the  pass iv e  lay ers  formed on 
s ta in le s s  s te e l  rev ealed  no tra c e s  o f  s i l ic o n  p ick -up , and th e re fo re  
s i l i c a  v e sse ls  were used . At the  e lev a ted  tem perature o f the nex t stage  
o f  t l i is  work, 393-473°K, an a l te rn a t iv e  co rro sion  c e l l  was used, which 
was manufactured to  an ap p ro p ria te  design from PTFE su p p lied  by D alai 
P la s t ic s  Ltd. and h e a t- t r e a te d  a t  653°K to  improve botli therm al 
s t a b i l i t y  (and m a c h in a b ility ) , tlius reducing contam ination o f the  co rro d en t,
5 .2 .2  H eater design
Two attem pts were made to  design  a PTFE co rro sio n  c e l l  w ith  a b u i l t -  
in  w ater h e a te r . The f i r s t  design  i s  shown in  F ig . 3. In  o rd er to  
p rev en t contam ination o f th e  w a te r , tlie h e a te r , a Watlow F ire -ro d  o f 
10 mm diam eter, was surrounded by a PTFE sleeve  o r c losed  end tube o f 
tliickness 1 mm. A chromel-alumel tliermocouple, sheathed in  PTFE was 
p laced  in  th e  w ater to  co n tro l th e  tem perature, v ia  a Eurotlierm h e a te r  
c o n tro l. I t  was found th a t  th e  therm al cond u ctiv ity  o f  tlie PTFE sleeve  
was so high  t l ia t  a la rg e  tlierm al g rad ien t between th e  w a ter-sleeve  
in te r fa c e  and th e  h e a te r-s le e v e  in te r fa c e  was s e t  up. Consequently, when 
the  tem perature recorded in  th e  w ater reached 463^K, the  PTFE sleeve 
decomposed. Hie decomposed sleeve  i s  shown in  F ig . 4.
Hie second design  was q u ite  d i f f e r e n t  from th e  f i r s t  as can be seen 
in  F ig s. 5 and 6 . The h e a te r  was contained  in  a c lo s e - f i t t e d  copper tube , 
c lo sed  a t  th e  top end by a copper d isc  la rg e r  than  tlie  tube and having a 
diam eter o f  20 mm, H iis  formed th e  b a s is  o f a h e a te r  p la te  and base fo r  
th e  co rro sio n  c e l l .  To p rev en t copper contam ination o f  th e  w a ter, a
0 .1  mm tliic k  gold f o i l  d isc  covered tlie copper d is c . Hie thermocouple 
was brought down upon tlie h e a te r  p la te  and th e  tem perature a t  tlie
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Fig. 5
Side view o f  co rrosion  c e l l  and h e a te r  assenbly.
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Fig . 7
Plan view o f  co rro sion  c e l l  showing gold h e a te r  p la te ,
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h e a te r  p la te /w a te r  in te r fa c e  was e f f ic ie n t ly  c o n tro lle d  by a Eurotherm 
device. Hie sm all, 5 ml, volume o f  w ater reduced the  lik e lih o o d  o f 
tem perature g rad ien ts  perm anently rem aining in  the  w ater.
Hie c e l l  was f i t t e d  w ith  an i n l e t  and o u t le t  fo r  w ater pumped from 
a re s e rv o ir  by a p e r i s t a l t i c  pump a t  th e  ap p ro p ria te  f lo w -ra te . Hie 
tub ing  used was PTFE and Neoprene w hidi are  commonly used fo r  th e i r  
s t a b i l i t y  to  w ater a t  room tem peratu re. A gold specimen was p laced  in  
tlie  co rro sion  c e l l  fo r  th re e  hours a t  473^K, 6 m l/h f lo w -ra te  to  enable a 
t e s t  to  be made as to  whetlier contam ination would be p icked up on tlie 
gold su rfa ce , and analysed by XPS. Hie carbon peak th a t  was d e tec ted  was 
c h a r a c te r is t ic  o f  o rgan ic  contam ination , and no f lu o r in e  o r o th e r 
p o ss ib le  contam inent s ig n a ls  were observed. Consequently, th e  design was 
considered  a s a t i s f a c to r y  answer to  the  problem o f contam ination o f the 
co rro d en t.
5 .2 .3  Experim ental: Method
The specimen p re p a ra tio n  follow ed th e  procedure described  in  Chapter 4. 
Hie only d iffe ren c e  in  experim ental method was in  the  procedure o f  using  
tlie p re ssu re  v e s s e l , which w i l l  be described  below.
Hie w ater was p repared  in  th e  same way as d escribed  in  Chapter 4 , in  
th is  case th e  re s e rv o ir  was c o n tin u a lly  flushed  w ith  ' oxygen fre e  n itro g e n ’ , 
w h ils t  th e  p ressu re  v e sse l was being  prepared . Hie PTFE corrosion  c e l l  
and h e a te r  were p laced  in  th e  au toclave and the punp, w ater re se rv o ir  and 
e f f lu e n t  b o t t le  were tlien connected by th e  ap p ro p ria te  tub ing  [see F ig . 2 ). 
Hie p ressu re  v e sse l was then  c o n tin u a lly  flu shed  w ith  n itro g en . The 
specimen was ra p id ly  t r a n s fe r re d  in  a specimen b o t t le  to  the  p re ssu re  
v e s s e l , where i t  was mounted on a PTFE specimen h o ld e r a ttach ed  to  tlie 
• thermocouple sheath ing  shoim in  F ig . 5. Hie c e l l  was tlien f i l l e d  w ith
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w ater d i r e c t  from th e  re s e rv o ir  and the  pump was manually operated  to  
f i l l  a l l  the  i n l e t  tub ing  w ith  w ater. Hie pump was tlien sw itched on.
Hie c e l l  top and tliermocouple were then  f in a l ly  f i t t e d .  Temporarily 
tu rn in g  o f f  th e  n itro g en  and d isconnec ting  tlie n itro g en  supply to  the 
w ater re s e rv o ir ,  th e  p re ssu re  v e sse l door was b o lte d . W hilst the  p ressu re  
v e sse l was being  f i l l e d  w itli n itro g e n  to  the  ap p ro p ria te  p ressu re  to  
p reven t b o il in g  o f f  o f  th e  w ater in  th e  co rrosion  c e l l ,  the h e a te r  was 
sw itched on. To speed up th e  tim e to  o b ta in  th e  d e s ired  tem peratu re , the  
h e a te r  was c o n tro lle d  so as to  keep pace w itli the  r a te  o f  f i l l i n g  w ith  
n itro g e n ; th e  co rro sio n  c e l l  was observed through th e  viewing p o r t to  
ensure t l ia t  re le a se  o f  d isso lv ed  n itro g en  o r b o il in g  o f f  d id  no t occur 
during  t l i is  p ro cess . The mean h e a tin g  time was about 15 minutes in  each 
case , which corresponded to  th e  time req u ired  to  o b ta in  tlie working 
p re ssu re  o f n itro g en . A fte r  th e  maximum tem perature had been reached, 
th e  time o f exposure was tlien measured. Hie p re ssu re  gauge was p re - s e t  
to  a c t iv a te  a re la y  c u t-o u t sw itch,m entioned above, on drop o f  p ressu re  
due to  leakage.
A fte r  maximum tem perature had been read ied , the  tim e o f exposure was 
then  measured. A fte r  tlie  t o t a l  exposure time had been achieved, the  h e a te r  
was tu rned  o f f  and the  gas removed v ia  a stopcock on the  p ressu re  v e s se l.
The tu rbu lence c rea ted  by th e  escaping  gas and tlie s l ig h t  b o il in g  o f f  o f  
a f r a c t io n  o f  the  w ater and tlie s a tu ra tin g  n itro g e n , a ided  the  ra p id  cooling  
o f  th e  co rroden t. The p re ssu re  v e sse l door was then  opened when the 
p re ssu re  o f th e  n itro g en  was reduced to  atm ospheric p re ssu re . The 
specimen was ra p id ly  t r a n s fe r re d  to  th e  p rep a ra tio n  chamber o f  the  
spectrom eter. The tim e taken  fo r  .re le a s in g  th e  p re ssu re  was about f i f te e n  
m inutes. Hie to ta l  p e rio d  o f  about twenty minutes req u ired  to  reach 
o p era tin g  tem perature, to  cool and recover th e  specimen fo r  a n a ly s is , 
conpares w ell w ith  Hie common p ra c t is e  o f  using  an au to clav e , j\rhich o fte n
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have h ig h e r tu rn -around  tim es due to  the  method o f  h ea tin g  employed and 
th e  mass o f the  co rroden t, and au toclave .
5 .2 .4  Experim ental design
The experim ental design  remained unchanged from the  low tem perature 
work. In  p ra c t ic e ,  th e  two flo w -ra te  le v e ls  o f  1 and 6 m l/h were s e t  and 
th e  tem perature le v e ls  used were 393, 433 and 473^K a t  1 h and 3 h .
5 .2 .5  XPS an a ly s is
Hie spectrom eter was programmed to  .scan .five  sp e c tra : 0^^,
Cr2P^^^, Fe2P^/^ and the Ni2p^^^. Hie occasional wide , scan to  search  fo r  
su rface  contam inents and o th e r  elem ents, perhaps from the  s t e e l ,  was 
c a r r ie d  ou t.
Narrow scan s t a t i s t i c s
Three scans were made p e r sp e c tra  across 200 channels, a t  a count 
r a te  o f  one second p e r channel, tak in g  a to ta l  o f  600 s p e r sp e c tra .
Wide scan s t a t i s t i c s
One scan was made across 4000 channels, a t  a  count r a te  o f  0.25 s 
p e r  channel, tak in g  a t o t a l  o f 1 0 0 0  s p e r sp e c tra .
5 .2 .6  Ion e tch ing
Hie o u te r la y e r  o f th e  sample was analysed , and then a sh o r t etcli 
o f  about 10 s was made a t  3.5 keV a c c e le ra tio n  p o te n tia l  and 2 mA tube 
c u rre n t a t  ~1.33 x 10"^ Nm  ^ background p ressu re  o f  Argon. H iis was s u f f ic ie n t
• to  remove tlie  su rface  adsorbed a i r ,  w ater and carbonaceous contam ination.
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The n ex t te n  s tep s  o f  ion  e td iin g  procedure were made a t  30 s in te rv a ls ,  
between analysing  tim es. Hie e tch  tim es were made longer when in te re s t in g  
changes in  sp e c tra  were no longer occu rring .
Hie e tch in g  was stopped when tlie m e ta llic  sp ec tra  were sharp and 
p re fe ra b ly  where no tra c e s  o f  tlie  h ig h e r b ind ing  energy ox id ised  s ta te s  
were p re se n t.
5.30 R esults
5.31 In tro d u c tio n
Compared w ith  f ilm  tliickness s tu d ie s  by e llip so m etry  and s t ru c tu ra l
s tu d ie s  by e le c tro n  d i f f r a c t io n ,  a chemical com positional study o f  th is
type demands a more exac ting  approach in  o rder to  rev ea l n o t only the
s l ig h te s t  d iem ical v a r ia t io n  occu rrin g  tliroughout th e  deptli o f ead i o f
tliese p ass iv e  la y e rs , b u t a lso  to  rev ea l any e f fe c ts  t l ia t  may be induced
h y  Hie in flu en ce  o f  Hie le v e ls  o f  the  f lo w -ra te , tem perature and time o f
exposure. For each o f  a succession  o f  e tch  s tep s  th i s  study compiled Hie
3/21 s le v e l sp e c tra  o f  carbon and oxygen, and Hie 2p le v e l sp ec tra  o f  
i ro n , chromium and n ic k e l . Subsequent m u ltip le t a n a ly s is  y ie ld ed  the  
follow ing spec ies  0^ , 0H“ , HgO/O^^^, Fe, Fe^ "*", Fe^"^, Cr, Cr^+, Ni and Ni 
The len g th  o f  a c q u is it io n  tim e to  o b ta in  s u ita b ly  w e ll-d e fin ed  m u ltip le ts  
to  f a c i l i t a t e  m u ltip le t  a n a ly s is  and the  number o f  in d iv id u a l e tch  s tep s  
made throughout th ese  passiv e  lay e rs  have been op tim ised  to  s u i t  Hie 
requirem ents o f  H iis work. The s e r ie s  o f  sp e c tra  shown in  F igs. 7-11 
i l l u s t r a t e  Hie le v e l to  which th ese  demands have, in  p ra c t ic e ,  been met.
5.32 P re se n ta tio n  o f  Data
By applying the  re sp ec tiv e  s e n s i t iv i ty  fa c to rs  to  account fo r  
v a r ia tio n s  in  p h o to e lec tro n  c ro ss -se c tio n s  fo r  ead i elem ent and FIVHM
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c h a r a c te r is t ic s  fo r  each o x id a tio n  s ta t e  o f th a t  element^ tlie norm alised 
peak h e ig h ts  fo r  ead i o f  tlie em ittin g  species were c a lc u la te d  and are  
ta b u la ted  in  Tables 1-12, along w itli the observed peak h e ig h t va lues.
To a id  in te rp re ta t io n ,  th e  d a ta  and se le c te d  e x tra c ts  are  p re sen te d ' 
g ra p h ic a lly  w itli a common x -ax is  in  F ig s . 12-23. Tlie o rd er o f g raph ica l 
p re se n ta tio n  fo r  each s ta in le s s  s te e l  sample is  given below. F ig . (a) 
gives a  p lo t  o f th e  to t a l  norm alised s ig n a ls  toge tlie r w ith  the  norm alised 
1^ . s ig n a l fo r  carbon which was th e  major contam inent derived  from the  
spectrom eter vacuum system . Hie s ig n a l conformed to  tlie b inding 
energy p o s it io n  o f  the vacuum contam inent = 283.7 eV was assumed to  
be n o t included in  th e  film . Hie le s s  s ig n if ic a n t  w ater o r adsorbed 
oxygen sp e c tra  was a lso  assumed to  be a contam inent and was n o t included  
in ' th e  main a n a ly s is .
F ig . (b) gives tlie  t o t a l  s ig n a l derived  from tlie io n ised  s ta te s  in  
tlie  f ilm  toge tlie r w itli ( c ) , tlie  r e la t iv e  p ropo rtions o f tlie in d iv id u a l 
io n s . F ig . (d) gives the  t o t a l  s ig n a l derived  from elem ental s ta te s  
to g e tlie r w itli ( e ) , tlie r e la t iv e  p ro po rtions o f the  m e ta ls .
Hie e x tra c ts  have been chosen fo r  tlie follow ing reasons:
1. Hie to t a l  s ig n a l (a) i s  re la te d  to  tlie sampled deptli which may be 
d i f f e r e n t  in  oxides and m eta ls . I t  a lso  gives warning o f any 
abnorm ality in  X-ray in te n s i ty ;
2 . tlie  carbon contam inent i s  a la rg e ly  instrum enta l v a r ia t io n  and 
a l te r a t io n s  in  i t s  in te n s i ty  may lead  to  complementaiy changes in  
the s ig n a l from th e  sample;
3. th e  to t a l  ion  s ig n a l curve i l l u s t r a t e s  the  e x ten t o f  tlie chem ically 
a l te re d  zone w h ils t  tlie At% curves give some in d ic a tio n  o f the 
d is t r ib u t io n  o f the re sp ec tiv e  ions.
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4. tlie At% curves fo r  th e  m etals i l l u s t r a t e  tlie d e p le tio n  zones fo r  tlie
elem ents which have d iffu se d  in to  tlie p ass iv e  la y e r .
In spection  o f the  e x tra c ts  a to  e fo r  each o f  tlie samples rev ea ls
some common fe a tu re s . F i r s t l y ,  th e  rap id  decrease in  the  s ig n a l i s  
seen to  correspond to  tlie ra p id  in c rease  in  tlie t o t a l  ion  s ig n a l curve (b ) . 
H iis  supports the  co n jec tu re  t l ia t  the s ig n a l i s  from an o u te r
contam inent la y e r . A fte r  removal o f  the  i n i t i a l  contam inent la y e r , the  
to t a l  ion  s ig n a l curve (b) appears to  reach a maxima o r p la te au  reg ion  
followed by a gradual d e c lin e , corresponding to  an in c rease  in  the  s u b s tra te  
m etal s ig n a ls  o f (d ) . Hie tivo curves suggest f i r s t l y  t l ia t  th e re  is  
evidence o f  a pass iv e  film  overlay ing  tlie s te e l  s u b s tra te .  However, the 
absence in  a l l  cases o f a sharp d ro p -o ff o f the  t o t a l  ion  s ig n a ls  expected 
o f  a d is c re te  in te r fa c e  between film  and s u b s tra te ,  suggests an in te r f a c ia l  
zone. Correspondingly (d) shows a change in  the  r a te  o f  emergence o f tlie 
s u b s tra te  s ig n a ls  in  th is  reg io n . Hie constan t low le v e l o f  re s id u a l ion  
s ig n a ls  shown in  a l l  cases in  e x tra c t  (b) suggests th e  presence o f a 
re s id u a l le v e l o f oxide expected fo r  th is  commercial grade s t e e l .  Hie 
n a tu re  and cause o f  the in te r f a c ia l  zone w il l  be d iscussed  l a t e r .
Hie F igs. 12-23 th e re fo re  show four main reg io n s: a contam inent zone, 
a passiv e  film  w itli an in te rm ed ia te  zone between tlie f ilm  and tlie 
s u b s tra te .  These reg ions a re  la b e l le d  in  tlie schemata shown in  F ig . 24.
Hie previous metliod o f  determ ining e tc h - ra te  and consequent 
d e term ination  o f  film  th ic lo iess could no t be c a r r ie d  ou t in  t l i is  work as 
th e re  was no c le a r ly  defined  in te r fa c e  p re sen t. Hie tliic lciess o f  the  
in te r f a c ia l  zone and p ass iv e  film  can be b e s t r e la te d  to  the time to  e tch  
tlirougli th ese  reg ions assuming a co n stan t e tc h - ra te .  Hie r e la t iv e  th ic k ­
nesses were th e re fo re  p lo tte d  a g a in s t the  time o f  exposure, f lo w -ra te  and 
tlie tem perature o f  tlic co rro sio n  t e s t ,  and shown in  F ig . 25.
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Table 1. 393°K 1 m l/h, 1 h
Etchstep 0 " OH" Cr3+ Fe^+ Fe3+ C Cr Fe Ni
0 954 1815 0 102 419 6578
1 2590 2127 371 895 2433 3711
2 833 635 322 587 1259 1449 79 117
3 2600 585 996 1415 2883 2852 298 232
4 916 601 378 - - 1193 117
5 2508 2060 965 636 1365 2852 218 767 124
6 1658 1264 792 283 774 1659 298 1702 311
7 1661 1167 708 244 730 2111 373 1717 515
8 1308 919 254 224 511 2419 458 1882 397
9 987 692 307 344 639 2311 554 2067 395
10 913 587 314 412 504 2304 567 2168 371
Tables 1 - 1 2  a re  the norm alized peak h e ig h ts  fo r  each o f  the  sp ec ie s , 
which were c a lc u la te d  from tlie recorded peak h e ig h ts . Tlie s e n s i t iv i ty  
fa c to rs  used to  c a lc u la te  th e se  values are as fo llow s:
S s C = 0.27
Ols o" = 0 .60 OH" = 0.50
Fe2p3/2 Fe m etal = 1 .8 Fe%+ = 0.71
Cr2p3/2 Cr m etal = 1 .1 Cr3+ = 0.79
Ni2p3/2 Ni m etal = 1.7 Ni^* = 0.39
Fe^^ = 0.46
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Table 2 : 393°K, 6 m l/h . 1 h
Etch
s tep 0 ” OH" Fe^+ C Cr Fe Ni
0 1753 1482 0 26.6 452 5533
1 2670 1780 179 936 2037 4793
2 3107 2033 540 1581 2607 3159 337
3 2885 1855 573 717 1641 - 181 606 124
4 2368 1663 660 599 1639 2626 145 1009 234
5 1888 1214 493 880 1780 2593 298 1484 257
6 1388 893 356 564 980 3444 415 1585 324
7 1247 802 290 212 759 2574 465 1785 429
8 977 687 281 219 500 2904 567 1846 327
9 907 583 328 223 509 2885 593 1876 362
10 812 474 301 227 517 28.26 545 1913 355
Table 3. 393°K, 1 m l/h . 3h
Etcli
s te p 0 = OH" Fe^ "" Fe^* C Cr Fe Ni
0 . 430 1091 0 13.6 74 5944
1 1405 2005 276 492 711 4611 40 79
2 2520 2279 653 667 1383 2467 143 170 140
3 2673 2355 867 759 1576 1830 196 194 71
4 2520 2220 840 979 1396 1956 253 412 209
5 1962 1728 723 443 1067 1989 218 746 215
6 1631 1438 575 461 957 1752 259 883 246
7 1672 1472 462 248 646 2015 281 1044 336
8 1408 1157 331 168 730 2100 327 1181 244
9 1343 1023 288 423 826 1581 346 1186 307
10 1123 923 302 151 539 1678 464 1267 324
11 847 694 233 100 578 1781 454 1356 322
12 975 802 238 163 583 1644 465 1369 229
13 797 702 191 183 654 1744 432 1538 257
14 682 683 161 196 702 1511 582 1649 371
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Table 4. 393°K, 6 m l/h , 3 h
Etch Q oh" Fe^*  ^ Fe '^*' C Cr Fe Niseep
0 540 1607 - - - 6329
1 1858 1859 - 587 1065 6730
2 1938 1754 167 699 1261 3426
3 2958 2077 503 1431 2083 4026 73 256
4 3165 1657 740 1477 1370 3341 162 360
5 2410 1750 533 587 889 2026 156 29
6 2335 1779 853 553 926 2715 280 622 152
7 2315 1626 775 624 1050 3004 283 822 139
8 2057 , 1591 812 527 733 3037 275 1025 393
9 1747 1331 512 391 607 3296 174 785 195
10 1405 1071 478 53 690 2885 288 1127 241
11 997 760 514 32 168 2733 371 1349 376
12 862 657 197 187 427 2159 406 1577 470
13 928 653 210 152 463 2344 380 1707 257
14 805 565 257 41 485 2626 531 1788 400
Table 5. 433°K, 1 m l/h . 1 h
E td i
s tep o" OH" Cr3+ Fe^ "*" Fe^"" C Cr Fe Ni
0 825 1714 0 11 2 454 5563
1 2617 1869 259 695 1776 2637
2 3055 2144 499 919 2496 2222
3 3143 2208 858 1236 2015 2470 73 310 79
4 3213 2065 789 1340 1835 2304 238 310 105
5 2845 1659 841 1119 1824 2032 285 365 174
6 2823 1647 794 1369 1722 1789 230 601 149
7 2443 1424 740 568 1 1 1 0 1930 334 797 263
8 2118 1236 663 484 830 2459 299 1021 293
9 1791 1046 584 281 735 2007 263 1186 312
10 1522 887 577 321 837 2519 435 1353 349
11 1187 692 599 369 602 2330 450 1412 335
12 1117 651 332 188 674 2000 429 1583 424
13 1013 591 269 200 722 2144 579 1692 409
14 922 538 315 207 472 .2181 555 1740 316
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Table 6. 433°K, 6 ml/h, Ih
Etch
s te p 0 OH" Cr3+ F e^ ' C Cr Fe Ni
0 695 1589 — - 5930
1 1573 1329 0 355.2 965.2 5011
2 2397 1569 68 979 1996 3056
3 2453 1607 155 1209 2289 2548 94 31
4 2708 1644 358 1037 1883 2167 110 37
5 2772 1815 358 1152 1678 2041 124 71
6 2842 1726 577 1137 2037 1841 168 118 115
7 2700 1768 693 1379 1708 1967 202 360 136
8 2377 1668 723 1097 1270 2033 211 430 130
• 9 2263 1482 681 697 1004 1870 224 489 91
10 1908 1250 634 540 102 2 2274 191 615 164
11 1628 1143 588 483 524 2056 177 678 225
12 1537 1153 538 469 613 2848 221 791 145
13 1463 1028 526 383 624 2618 380 896 205
14 1293 970 441 511 715 2659 240 1026 241
15 952 714 396 317 561 2311 - 1116 178
16 898 675 258 283 501 2063 373 1192 238
17 992 837 286 344 617 2293 431 1451 311
18 537 480 174 357 409 2326 504 1507 404
Table 7.
-  163 
433°K, 1 m l/h, 3 h
E td i
s te p 0 OH F e^ ' C Cr Fe Ni
0 763 1938 0 303 12348 7530
1 1983 1748 68 531 1235 5063
2 2500 1755 342 1297 1970 3200 50 91
3 2838 1825 479 1069 2159 2204 35 237 62
4 2372 1523 574 1223 1780 2619 125 329 90
5 2427 1559 621 1236 1574 2381 202 434 121
6 2043 1313 482 580 974 2774 182 763 267
7 1760 922 492 500 815 2830 195 780 261
8 1452 760 442 511 765 3133 218 861 231
9 1505 877 470 179 456 2733 248 1074 337
10 1295 756 519 204 570 2563 391 1229 397
11 982 575 482 127 452 3626 363 1663 283
12 1057 553 404 151 541 2985 411 1270 421
13 1070 560 282 159 622 3407 434 1349 366
14 852 496 301 165 646 2681 463 1390 315
Table 8 . 433°K, 6 m l/h . 3 h
Etch
s tep o" OH" 1Cr3+ Fe^+ Fe^+ C Cr Fe Ni
0 1928 573 - - - 6240
1 1815 2073 0 639 1165 4563
2 1752 1333 130 691 1265 2093 10 97
3 2545 1940 144 1099 1791 2767 21 219 160
4 2685 2046 315 881 1328 2833 58 197 65
5 2930 2232 642 963 1463 2274 154 274 123
6 2985 1954 740 904 1207 2063 189 317 132
7 2818 1980 930 1211 1843 1711 238 482 159
8 2735 1920 970 761 926 1674 318 406 250
9 2555 1643 788 727 1133 1796 259 680 217
10 2318 1490 830 640 924 2033 120 770 302
11 2248 1339 701 652 1098 1893 203 916 280
12 1932 1242 623 621 1052 1600 248 1044 280
13 1468 803 592 513 1083 1774 321 1272 340
14 1330 855 666 541 935 1896 481 1342 286
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Table 9. 473°K, 1 m l/h, 1 h
Etch
s tep 0 OH" Fe2+ Fe^-' N i2+ c Cr Fe Ni
0 5350 5986 155 119 2659 694 15567 118
1 6837 1021 336 2188 4459 995 12219 171
2 7813 5952 315 2643 5385 789 11333 115
3 8182 6234 333 3419 6163 393 8867 152
4 8852 6744 562 4085 6974 129 8489 221
5 9642 7345 771 4523 7630 0 6963 554 195
6 9231 5934 1149 4495 8010 0 6633 661 277
7 9495 6668 1159 4600 8196 0 6615 195 789 228
8 8867 6228 1225 4839 7050 0 6348 231 759 323
9 9347 6565 1574 4788 7807 0 6341 342 751 341
10 8815 5666 1568 4560 6526 0 6252 453 747 260
11 8833 5666 2018 4877 6543 0 5641 583 750 359
12 89%) 5765 1830 3128 4148 0 5011 529 652 411
13 8948 6285 2134 4308 5635 0 5722 617 1056 331
14 8843 6684 2022 4408 5165 0 5837 731 1355 573
15 8163 4956 2034 2895 3885 0 5819 735 953 447
16 7883 5067 2301 2991 4076 0 4944 749 1693 615
17 8101 5208 2242 3016 3428 0 7115 810 1830 654
18 8265 4821 2486 2027 3800 0 5967 988 2135 941
19 7935 4910 2266 1965 3291 0 6248 900 2238 982
20 6807 4375 2232 2284 4078 0 4070 887 2291 836
21 7467 4355 2336 2203 4465 0 6011 1013 2508 824
22 5605 3269 2005 1715 2924 0 6844 1134 3284 1019
23 4220 — 1246 1251 2210 0 6467 1565 4393 1082
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Table 10. 473°K, 6 ml/h, 1 h
Etchstep 0 " oi-f Cr3+
'}+Fe" Fe^ "^ c Cr Fe Ni
0 6373 10404 223 562 2291 360 29711 87
1 8975 9378 626 1397 3059 937 28681 225
2 8072 9609 568 2991 4617 365 27314 428
3 7979 9093 675 3444 4998 358 26252 444
4 84&) 9499 605 3697 5709 226 26185 331 409
5 8763 8763 624 4256 6176 0 24248 987 415
6 ew68 8434 1119 4123 5109 0 23474 1216 620
7 9633 6192 1695 5184 6761 0 20652 1839 594
8 9630 7910 1636 4848 6167 0 20830 1908 683
9 6408 4882 1212 1773 2946 0 12359 403 1437 296
10 9067 6908 1810 2823 4602 0 18474 654 2288 581
11 9542 7269 2004 2577 4746 0 18385 604 2313 879
12 9247 7045 2312 2479 4587 0 17770 919 2823 907
13 9655 7357 2418 2569 3737 0 15356 1092 2926 1012
14 9032 6343 2466 2948 4272 0 16022 980 3450 993
15 8735 6134 2358 2739 4604 0 15737 1065 3606 1056
16 9058 6363 2958 212 0 4774 0 14811 1337 4255 1194
17 8220 5773 2544 2101 4359 0 14693 1245 4024 1012
18 3128 2383 814 475 1161 0 11752 490 1668 278
19 4187 2940 1168 612 1904 0 7278 704 2348 516
20 2#33 2464 1411 419 1270 0 6948 850 2524 600
22 3470 2023 1388 395 900 0 5885 1056 3326 686
24 20%] 1297 717 695 1133 0 5426 1525 4183 742
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Table 11. 473°K, 1 ml/h, 3 h
Etch
step 0 “ OH" Cr3+ Fe^* C Cr Fe Ni
0 6856 7835 464 1043 3400 4386 21978
1 7080 7136 503 1564 3400 3520 22804
2 6238 6238 371 1629 3517 1173 23378 751
3 6203 5833 544 200 0 3563 1051 24693 1067
4 5003 5597 384 1540 2600 698 22870 75 86 8
5 4312 4825 286 1628 2654 485 26185 365 1064
6 21645 4821 451 1468 2615 0 28255 360 927
7 3563 4242 333 1508 2570 0 30596 388 909
8 35%) 4450 274 1573 2207 0 31411 462 922
9 2710 3873 420 1644 2624 0 33152 577 935
1 0 2895 3690 280 1579 1985 0 34196 589 910
11 2725 3690 287 1555 2285 0 32619 923 1025
12 2233 3849 310 1666 2428 0 31867 123 1064 909
13 3582 4083 308 1836 2041 0 30674 120 1172 1080
14 4257 4321 574 744 1 0 2 0 0 31214 243 1254 1074
15 4420 4210 732 1172 1972 0 29546 253 1544 1068
16 4617 4628 955 1324 2496 0 28411 404 1743 1080
17 5566 5301 1040 1524 2561 0 26317 507 2006 1163
18 5298 4730 1056 2085 2574 0 24778 568 2375 1357
19 5346 4456 1466 539 2639 0 23352 932 3246 1534
20 5138 3914 1246 1037 2663 0 14285 2087 6257 1627
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Table 12. 473°K, 6 m l/h, 3 h
Etclistep 0 OH" Cr3+ Fe2+ c Cr Fe Ni
0 8105 7623 385 618 2520 3550 10426
1 8848 7796 418 1307 2670 2789 8852
2 8967 7365 611 1876 3593 3206 6356 352
3 8765 7200 556 2411 4115 779 6944 774
4 8793 7222 444 2318 3691 1206 6863 63 1082
5 8393 6394 496 2361 3554 1086 6993 219 938
6 8928 6801 412 2101 3546 868 7378 206 851
7 8535 6501 662 2509 3326 0 8111 233 104
8 8487 6466 600 2161 3237 0 8122 212 1128
9 8128 6192 638 2407 3604 0 8274 236 1127
10 8437 6429 832 2324 4750 0 6826 261 1436
11 9053 5819 1008 3089 4374 0 6059 501 1361
12 8655 6079 886 4313 3902 0 4941 307 613 1203
13 8W77 5706 1232 3665 5020 0 5089 420 1235 1162
14 7520 4386 1512 3395 4311 0 5856 668 1430 1277
15 7080 3708 1697 1257 1974 0 4878 979 1962 1219
16 6058 3173 1623 1413 2381 0 4904 1061 2205' 1179
•17 5482 3173 1470 1945 2763 0 5133 1050 2645 1119
18 4857 2544 1651 895 2796 0 5007 1279 3141 985
19 4193 2196 1178 1481 3265 0 5081 1443 3671 1120
20 2705 1417 895 708 493 0 5500 1732 4260 970
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PASG.IVE PfUM Sub  ST ATE.WrER FACIAL
T o t a l  i o m  
£*>Cr/v a l s
T O T A L
METALSIGNALS
E t c h  t i m e c s ) .
F ig . 24
There appears to  be l i t t l e  s ig n if ic a n t  d iffe ren c e  in  film  tliiclcness 
a t  393°K and 433°K ir r e s p e c tiv e  o f  tlie  time o f  exposure and flow -ra;te.
At 473°I( th e  film  th ick n ess  i s  seen to  in c rease  rap id ly^  and whereas no 
s ig n if ic a n t  flo w -ra te  dependence i s  seen , tlie film s appear to  in c rease  in  
th ickness alm ost l in e a r ly  w itli time beti^reen 1 and 3 h exposure.
The in te r f a c ia l  zone thiclcness i s  seen to  in c rease  s l ig h t ly  w ith
tim e and tem perature between 393 and 473 K b u t i s  independent o f flo w -ra te ,
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Hie zone tliic la iess i s  a lso  seen to  in c rease  markedly a t  473°K. However, 
whereas a t  393 and 433°K the  film  and zone th ickness a re  about the  same, 
a t  473°K the  film  tliickness i s  double t l ia t  o f  tiie film .
5.33 Qiemical c h a r a c te r is t ic s  o f  tlie in te r f a c ia l  zone
The in te r f a c ia l  zone i s  marked by d ie  appearance o f a reg ion  enriched  
in  m e ta llic  n ic k e l reducing w ith  e tch  time to  tlie u su al p ropo rtions found
fo r  th i s  com position o f  s ta in le s s  s t e e l ,  and by a ra p id  red u c tio n  in  the
2+ 3+Fe co n ten t w ith  a corresponding in c rease  in  tlie Cr con ten t tend ing  to
reduce tlie iron-chromium r a t io  o f  tlie oxide. . The cause o f  the  in te r f a c ia l
zone w i l l  be d iscussed  l a t e r .
5.34 Chemical c h a r a c te r is t ic s  o f  the  p ass iv e  film
Bedfeen 393°K and 433^K, F ig . 25 shows no evidence o f  an in c rease  in  
f ilm  o r in te r f a c ia l  th ic k n e ss . However, the  e x tra c t  (c) showing the 
chemical p ro f i le  o f  the  p ass iv e  la y e r ,  suggests th a t  in  each case th e re  
e x is ts  an o u te r  i ro n - r ic h  la y e r  and an in n er chromium-rich la y e r , extending 
in to  the  in te r f a c ia l  zone.
An a rb i t r a ry  guide to  th e  r e la t iv e  growtli o f  th e  i r o n - r id i  o u te r  la y e r
compared to  the  chromium-rich in n e r la y e r  is  given in  Table 13 below,
in d ic a tin g  the  tim e to  e tch  ( in  seconds) through th e  iro n -r ic li  la y e r  to
3+reach  a co n cen tra tio n  o f  about 5 At% Cr - tlius d e fin in g  the  iro n - r ic h
3+la y e r  as th a t  p o rtio n  o f  the  film  having <5 At% Cr .
F low -rate 1 h 393°I( 31i393°K lh433°K  3h433°I( lh473°K  3 h 473°K 
1 m l/h 12 10 36 48 230 950
6 m l/h 36 60 100 100 180 1100
Table 13. Time to  etcli through i r o n - r id :  la y e r (seconds)
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In sp ec tio n  o f Table 13 rev ea ls  tlie in c reas in g  depth o f the  iro n - r ic h  
la y e r  w ith  in c rease  o f  tem perature. From F ig . 25 i t  appears th a t  film  
tliickness remains co n stan t a t  393°K and 433°K, bu t growth a cc e le ra te s  a t  
473°K. At 393°I( and 433^K tlie i ro n - r ic h  la y e r  appears to  in c rease  w itli 
f lo w -ra te  more markedly than  w ith  tlie in c rease  o f tlie time o f exposure.
At 473°K, flo w -ra te  appears to  have no s ig n if ic a n t  e f f e c t  upon tlie 
development o f  film  com position except to  p ick  up more Ni in  tlie o u te r 
la y e r . F ig .26 shows ex ten siv e  growth a t  473°K between l-3 h .
Hie Ni was observed in  the  extreme o u te r reg ion  o f the  passive  film  
formed a t  473^K only . The enrichm ent o f Ni** was seen to  in c rease  w itli botli 
flo w -ra te  and tim e, as seen from e x tra c t  (c) o f  F ig s . 20-23.
A check was made to  ensure t l ia t  the  Chrome 1 -Alume 1 thermocouple used 
in  th i s  t e s t  was n o t re sp o n sib le  fo r  the  pick-up o f  Ni** in  tlie o u te r  la y e r  
o f  the  passive  film  a t  473°K. Hie com position o f  the  two w ires a re :
Cliromel: Ni 90%, Cr 10%; and Alume 1 : Ni 98%, Al 2%. A gold specimen was 
s u b s t i tu te d  fo r  a s ta in le s s  s t e e l  specimen fo r  6 h a t  473°K a t  6 m l/h 
f lo w -ra te . H iis was tw ice as long as th e  o r ig in a l t e s t  mentioned in  5 .2 .2 , 
which showed no contam ination. The re s u lt in g  XPS an a ly s is  o f tlie gold 
sample was a d e f in i te  Ni s ig n a l ,  suggesting  tl ia t  th e  thermocouple 
s e le c t iv e ly  d isso lv ed  ou t Ni^*, chromiimi no t being p re sen t on tlie gold 
su rfa c e . The choice o f  Chrome 1 -Alume 1 was made in  p re fe ren ce  to  p latinum - 
rhodium as i t  has a la rg e r  emf range, needed fo r  accu ra te  measurement. 
S o lu b i l i ty  da ta  assembled by McDonald e t  a l suggest s  th a t  n ic k e l has 
a marked in c rease  in  s o lu b i l i ty  a t  473°K in  so lu tio n  approaching n e u t r a l i ty .  
Hie galvan ic  c e l l  c re a te d  by the  c o n tac t made between tlie tliermocouple and 
tlie gold h e a tc r -p la te  would no t be e f fe c t iv e  in  an o d ica lly  d isso lv in g  
n ic k e l: fo r  the  r e s i s t i v i t y  o f  th e  e le c tro ly te  would norm ally be too low. 
However, th e  n ic k e l d is so lu t io n  might be acc e le ra te d  by tJic galvanic
e f f e c t  when s u f f ic ie n t  Ni^^ liad d isso lved  in  the  w ater to  in c rease  the
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c o n d u c tiv ity  o f tlie w ater. The consequent e f f e c t  o f  t l i is  contam inant 
upon tlie  com position o f  the  p ass iv e  film  w il l  be d iscussed  l a t e r .
In  ad d itio n  to  the  p ick-up  o f  n ickel^  tra c e s  o f Cu^O, b a re ly  d e tec ted
n/ 2by th e  LMI Auger sp e c tra  having g re a te r  peak in te n s i ty  tlian th e  Cu2p“' 
s ig n a l , were a lso  found in  the  outerm ost la y e r  o f tlie pass iv e  s te e l  a t  
473°K. Tliis c a tio n  was n o t included  in  tlie p r o f i le  owing to  the  low peak 
in te n s i ty  and the  nearness o f  th e  more in ten se  Cr^^ Zp^^^ s ig n a l . This 
was suspected  to  come from th e  copper d is c , underly ing  tlie 0 . 1  mm th ic k  
gold h e a te r  p la te  cover. Indeed, E lec tro n  M icro-probe A nalysis o f  the  
gold h e a te r  p la te  found tra c e s  o f  copper in  the  gold f o i l .  Copper i s  a 
common contam inent o f gold and the  d if fu s io n  ra te  o f  copper through gold 
a t  around 473°K appears to  be la rg e  enougii to  reach  the  gold /w ater i n t e r ­
face and to  d isso lv e  ou t in to  th e  w ater. Though the  copper co n ten t o f tlie 
gold  may have b u i l t  up g rad u a lly  during  the 393°K and 433°K experim ents.
5.40 D iscussion o f  R esults
5.41 Factors In flu en c in g  tlie T o tal P ho toelec tron  Y ie ld
On in sp ec tio n  o f  th e  r e s u l ts  o f  F ig s. 12-23 i t  can be seen t lia t 
from e x tra c t  ( a ) , showing tlie  t o t a l  norm alized s ig n a l included in  the  
a n a ly s is  fo r  each e tch  s te p , a gradual red u c tio n  in  ph o to e lec tro n  y ie ld  
occurred  w ith  e tch  tim e. The only  exception  was th e  473°K, 6 m l/h , 1 h 
specimen (F ig. 15) where a sharp  red u c tio n  in  ph o to e lec tro n  y ie ld  could 
be e a s i ly  d is tin g u ish ed  from o tlie r minor v a r ia tio n s  in  the  curve p r o f i le .  
Four p o ssib le  causes fo r  th i s  red u c tio n  in  p h o to e lec tro n  y ie ld  a re  
considered  h e re : (1) t l ia t  the  X-ray f lu x  in te n s i ty  v a rie d  w itli tim e,
(2) an unaccounted sp ec ies  may be p re sen t in  the  m e ta ll ic  phases t lia t  is  
n o t included in  the  oxide phases, (3) an unaccoLuited sp ec ies  is  p re sen t 
in  both phases, bu t i s  eidianced in  the m e ta llic  phases, such as im planted 
argon, and f in a l ly  (4) th a t  the  to t a l  em ittin g  sp ec ies  p re sen t in  the 
sample volume i s  h igher in  the  oxide phase, compared w itli the  m e ta llic  
phase.
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Eadi an a ly s is  was c a r r ie d  ou t over two days. I f  tlie X-ray in te n s i ty  
had been dependent on th n e , one mi-glit expect to  see sharp v a r ia tio n s  in  
X-ray f lu x  in te n s i ty  a t  th e  p o in t o f  recommencing die an a ly s is  on th e  
second day; however, th i s  is  n o t observed, llie  X-ray f lu x  in te n s i ty  was 
th e re fo re  tliought to  remain m iiform , and v a r ia tio n s  which may have occurred 
were considered to  be rep resen ted  by th e  sm all f lu c tu a tio n s  in  tlie p o in ts  
making up the  cu rves, o r  by o tlie r obvious la rg e  v a r ia tio n s  such as th a t  in  
F ig .15.
Hie m e ta llic  phase i s  loiown to  have tra c e s  o f  s t r in g e r s  co n ta in ing  
manganese and su lphur as w ell as c a rb id e s , as o fte n  found in  commercial-  
grade s ta in le s s  s t e e l s .  Hie c o n s ti tu e n ts  were no t p re sen t in  the  p ass iv e  
la y e r and were th e re fo re  excluded from these  analy ses. Hie r e s u l ta n t  
red u c tio n  in  p h o to e lec tro n  y ie ld  from the  saii^le voluiiie o f  tlie m e ta llic  
phase i s  thought to  be p a r t ly  re sp o n sib le  fo r  tlie v a r ia tio n s  in  th e  % 
red u c tio n  o f  p h o to e lec tro n  y ie ld  found fo r the  m e ta ll ic  phases ranging 
from 12-, 23 in  the  samples analysed .
Argon ion  im p lan ta tio n  may occur, b u t tlie p h o to e lec tro n  peak was n o t 
d e tec te d  in  th i s  mode, and th e re fo re  i t  is  l ik e ly  only to  make a minor 
c o n trib u tio n  to  tlie red u c tio n  in  ph o to e lec tro n  y ie ld  w itli continued 
e tch in g .
An im portant c o n tr ib u tio n  to  th e  reduced p h o to e lec tro n  y ie ld  may be 
tlie d iffe ren c e  in  th e  number o f  e m itte rs  found in  tlie sampled volume.
Hie r a t io  o f  the number o f  e m itte rs  in  th e  sampled volume o f the  oxide 
and m etal phase i s  given below:
^ox _ ^ox'^ox 
\  %m'^m
where
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X  i s  the  e f fe c t iv e  sampled depth (x = f(A ))
N is  the  nimnber o f  em ittin g  sp ec ies  in  the  sampled volume o f  a
given phase, 
d i s  th e  atomic d en sity  o f  tlie  phase.
Thus, th e  observed in te n s i ty  i s  an exponential fu n c tio n  o f  X and i s
n o t, th e re fo re , p ro p o rtio n a l to  N. A much more im portant v a r ia b le  i s  
th e  number o f  e m itte rs  in  tlie su rface  p lane and the  in te n s i ty  would be 
p ro p o rtio n a l to  th is  term , which i s  norm ally con tained  in  tlie p re ­
exponential term  o f  the  Beer-Lambert equation . Taking tlie s im p lest case 
o f  a c lose-packed oxide l a t t i c e  formed on a c lose-packed face o f m eta l, 
th e  ap p ro p ria te  r a t io  is  found to  be:
n.ox
%
where n i s  the  plane co n cen tra tio n  o f eiid.tiers
The number o f  u n i t  c e l l s /c c  =
.* . number o f  e m itte rs /c c  =
1024
A-
m X 10 24
A"
A = u n i t  c e l l  s iz e  in  X
m = no. o f  atoms p er u n i t  c e l l
2 Im X  103 V
24
A3
1 0 ^  i„2/3
nFe
X 1 0 ^^
(3.637)2
2.517 X  10 
13.22
16 = 1.89 X  1015
562/3 ^ (^,16
(8.391)
14.6 X  30 
70.5
16 = 2.07 X  1015
The s ig n a l in te n s i ty  from the  oxides w i l l ,  th e re fo re , be g re a te r  than  
fo r  m etals i f  th e  value o f  X i s  the  same. H i u s ,  the  mean enhancement o f
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the  to t a l  s ig n a ls  recorded from the oxide phase because o f i t s  h ig h e r 
d e n s ity  o f  e m itte rs  i s  1 0 %.
I t  i s  tlie re  fo re  concluded th a t  s la g  and carb ide  in c lu s io n  in  tlie 
s te e l  su rfa c e , and d iffe ren c es  in  the  plane atondc d e n s i t ie s ,  a re  tlie 
main reasons fo r  the observed v a r ia tio n s  in  p h o to e lec tro n  y ie ld  in  th ese  
an a ly se s .
5.42 Hie N ature and Fomiation o f  tlie  I n te r f a c ia l  Zone
The in te r f a c ia l  zone i s  marked by the  ra p id  f a l l  in  fe rro u s  iro n s  
co n cen tra tio n  and an enliancement in  chromium io n s , to g e tlie r w ith  a gradual 
ra th e r  than a sharp d ro p -o ff  o f th e  to ta l  ion s ig n a l . Hie m e ta llic  
n ic k e l s ig n a l i s  a lso  seen to  be enlianced w itli re sp e c t to  iro n  and 
chromium in  th i s  reg io n , and to  r e v e r t  to  the  u su al co n cen tra tio n  le v e l 
fo r  th is  s te e l  a t  th e  end o f  tlie zone.
H iis  zone may be e i t l ie r  tlie  p roduct o f  ion-beam loiock-in damage 
(loiocking in to  the  m a te ria l a  p o rtio n  o f  the su rface  ions) and /o r o f  
in te rn a l  o x id a tio n  (s e le c tiv e  o x id a tio n  o f  some o f th e  a llo y  components). 
Ion-beam damage arguments must answer tlie apparent s e le c t iv e  p e n e tra tio n  
o f  Cr^^, tlie n e t red u c tio n  in  Fe^’*' co n cen tra tio n  and s e le c tiv e  enricliment 
o f  m e ta llic  n ic k e l. F i r s t l y ,  tlie  most l ik e ly  ion  to  p e n e tra te  a  su rface  
would be the  one re q u irin g  th e  low est a c tiv a tio n  energy to  leave i t s  
l a t t i c e  s i t e .  H iis would correspond to  the ion  most l ik e ly  to  be e je c te d  
o r  sp u tte re d  from the su rfa c e , and the  ion w itli th e  g re a te s t  d if fu s iv i ty
a t  a  given tem perature. Cr ^  does n o t have such a hj.gli d if fu s  iv i ty  as
2+ 3+ 2+Fe o r Fe , and forms tlie most s ta b le  oxide. Fe ions have th e  h ig h e s t
d if f u s iv i ty  and l e a s t  oxide s t a b i l i t y  o f the  th re e  ca tio n s  and y e t  i s  is
n o t enriched  in  th i s  zone. Secondly, s e le c tiv e  e tch in g  has n o t been
ev iden t over tlie e n t i r e  range o f th e  com positions s tu d ied  tliroughout th i s
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work and, tlie re fo re , no evidence o f  s e le c t iv e  loiock-ln damage i s  revealed  
from tlie p ro f i le s  o f  th e  f ilm , w itli th e  p o ss ib le  exception  o f  NiO, which 
i s  only ap p licab le  a t  473°K. As seen from Chapter 3, th e re  i s  no 
evidence o f  iro n  o r chromium oxides being  reduced by s e le c t iv e  removal o f 
0 “ and th e re fo re  one would n o t expect s e le c tiv e  Im ock-in damage to  occur 
w ith  0” an ions. I t  i s  th e re fo re  considered  th a t  ion-beam damage i s  le s s  
im portant than  tlie p rocesses o f  in te m a l  o x id a tio n  by d if fu s io n  o f  OH 
and 0" in  th e  range o f  tem perature 393-473°K.
From F ig . 25, i t  i s  c le a r  th a t  a t  473°K, tlie in te r f a c ia l  zone appears
to  in c rease  in  th ic lo iess  w ith  the  time o f  exposure. AT 393 and 433^K, the
in te r f a c ia l  zone i s  the  same o rd e r o f  th ic k ie s s  as th e  overly ing  f ilm ,
b u t a wealc dependence on time o f  exposure i s  r e f le c te d  in  the  r e s u l t s .
In te rn a l o x id a tio n  i s  a common occurrence in  a llo y s  having a continuous
oxide la y e r ,  where the  d if fu s io n  r a te  o f  oxygen in  tlie m etal phase i s
g re a te r  than  th a t  fo r  c a tio n  d if fu s io n  in  the  oxide phase. Tlie th ic lo iess
o f  an in te rn a l ly  ox id ised  zone i s  determ ined by th e  r e la t iv e  r a te s  o f  these
two tra n s p o r t  p ro cesses . I t  i s  v i r t u a l ly  unchanged over th e  in te rv a l
393 to  433°K, bu t a t  the  h ig h er tem perature rep re sen ts  a much lower
p ro p o rtio n  o f  the p ass iv e  la y e r  tliick n ess . This a r is e s  because o f  a much
in creased  e f fe c t iv e  r a te  o f tra n s p o r t  o f  c a tio n s  w ith in  tlie oxide phase a t
473^K. Tlie f a c t  t l ia t  in te rn a l  o x id a tio n  is  seen , in d ic a te d  t lia t  tlie  h igh  
3+Cr co n cen tra tio n  observed in  th e  co n cen tra tio n  p ro f i le s  in  the v ic in i ty  
o f  th e  pass iv e  f i lm / in te r f a c ia l  zone in te r fa c e ,  cannot rep re sen t a 
continuous Cr^O^ b a r r ie r  film . This i s  because th e  ox)'’gen p o te n tia l  a t  
a Cr^O^/metal in te r fa c e  would be in s u f f ic ie n t  to  o x id ise  chromium w ith in  
tlie  a llo y  i t s e l f .
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5,43 A Nbdel o f  Film Growth in  tlie  Temperature Range 313-433^K
In se c tio n  3.53 i t  was seen th a t  tlie passiv e  film s showed 
d i s t in c t  iro n  r ic h  and cliromium r ic h  reg io n s . Cr^^ was enriched  in  tlie 
innerm ost p a r t  o f th e  f ilm  as w ell as the  in te r f a c ia l  zone. Between 
393°K and 433°K exposure tlie re  i s  l i t t l e  evidence to  suggest th a t  film  
o r in te r f a c ia l  zone tliickness in c re a se s .
Unlike the  313 and 353°K sam ples, where a considerab le  bu ild -u p  o f  
a contam inant la y e r  was seen to  in c rease  w itli f lo w -ra te , no such behaviour 
was found in  the  samples exposed to  393-473°K. H iis la y e r , which was a 
c h a r a c te r is t ic  o f  th e  low tem perature range, was b e liev ed  to  c o n s is t o f  
o rgan ic  m olecules s ta b i l iz in g  bound w ater by hydrogen bonding . The 
excep tiona l le v e ls  o f carbon found fo r  one sample only in  the  h igh  
tem perature study (F ig. 16) are  b e liev ed  to  be th e  r e s u l t  o f  a s l ig h t  
leak  in  th e  an a ly se r chamiber which was a lso  observed from the  ion  gauge.
Film th ick n esses  a t  313 and 353°K appeared to  be o f  the  same o rd er o f
magnitude, p r io r  to  p ick-up  o f  w ater in  the o u te r la y e r . D irec t comparison
o f  th e  filmi th ickness produced a t  313, 353, 393 and 433°K cannot e a s i ly  be
made. This i s  because th e  form ation o f  an in te r f a c ia l  zone a t  393 and
433^I( does n o t allow  th e  film  tliic lo iess to  be estim ated  fromi tlie
3/2a tte n u a tio n  o f tlie  Ni2p s ig n a l ,  as was c a r r ie d  out a t  the  low tem perature 
range o f  study . However, tlie  r e la t iv e ly  e a r ly  appearance o f  m e ta llic  
n ic k e l does suggest t l ia t  tlie film s forimed a t  393 and 433^K a ie  o f  tlie same 
o rd e r o f  th ic lo iess as those formed a t  313 and 353°K.
N eglecting  th e  o u te r  boiuidlayer o f w a ter, and considering  th e  pass iv e  
film  th ic lo icsses  on ly , i t  can tlie re fo re  be assumed th a t  a t  each o f tliese 
four le v e ls  o f tem perature a b a r r ie r  film  was groivn o f  constan t th ic lo iess . 
This r a te  o f  growtli suggests t l ia t  a ' lo g a rith m ic ' r a te  law is  being obeyed. 
Indeed tlie micchanism o f  film  growth miay be analogous to  the  model p o s tu la te d
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by Mott and Cabrera^  ^ fo r  the  dry o x id a tio n  o f m etals a t  low 
tem peratu res , where a s tro n g  f i e ld  is  s e t  up in  tlie  oxide f ilm  due to  a
co n tac t p o te n t ia l  d iffe re n c e  between the  m etal and adsorbed ox>"gen,
which enables tlie m etal ions to  move through i t  i\4th l i t t l e  he lp  from
tem perature. The consequent in v e rse  logaritlim ic growth ra te  formed was
given by
— = A -  B Logjb X = th ickness o f  f ilm  a t  tim e tX e
A and B are  co n stan ts
In th e  case o f  th e  p a s s iv a tio n  o f s ta in le s s  s te e l  i t  i s  p o ss ib le  th a t  
tlie f i e ld  may be b u i l t  up by ad so rp tio n  o f  anions from the  w ater o r to  tlie 
m etal su rfa c e . Tlie presence o f  the  anion f i e ld  could exp la in  why bo th  
N i/*  and copper sp ec ies  a re  so re a d ily  p icked up when the  tem perature i s  
g re a t enough to  perm it th e i r  aqueous phase tra n sp o r t as noted  on the  
473°K sam ples.
Such an anion f i e l d  would enable iro n  and chromium to  d iffu se  out 
in to  the  r e s u l t in g  oxide f ilm , more o r le s s  in  p ro p o rtio n s  eq u iv a len t to  
tliose found in  th e  s t e e l .  S e le c tiv e  o x id a tio n  o r d if fu s io n  would be 
ru le d  out in  th is  i n i t i a l  f ilm  as tlie  f i e ld  would be so s tro n g  as to  
reduce d if fu s io n  d i f f e r e n t i a l s .  In  Mott and Cabr er a’s e a r l y  paper 
sucli values as 1 v o lt  were c a lc u la te d  to  be a c tin g  across film s o f  1 nm,
7r e s u l t in g  in  an in ten se  f i e ld  o f  10 V/cm. Tlie steady  s t a t e  film  
tliic lo iess would be reached when th e  f i e ld  s tre n g th , reducing witli film  
tliic lo iess , i s  too low to  enliance c a tio n  d if fu s io n . In such film s e le c tro n  
tu n n e llin g  should ensure th a t  e f f ic ie n t  t r a n s fe r  o f e le c tro n s  to  tlie 
cathod ic  o u te r  reg ion  o f  tlie  film  occurs in  o rd er to  accommodate the 
cathod ic  re a c tio n .
In th e  presence o f  $ 1 ppm 0^ a t  pH 7, th e  l ik e ly  cathod ic  re a c tio n
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is  as follows:
0 . + 4e + 2H_0 40H
dissolved
Hie i n i t i a l  film  would be expected to grow rap id ly  as has been 
found in  tlie case o f iron/^^^ and s ta in le s s  s t e e l , a n d  desp ite  flow- 
ra te  and temperature the film  w ill  i n i t i a l ly  tend to  have tlie same 
composition. However, subsequent changes in  composition may occur w ith 
flow -ra te , time and tem perature, re su ltin g  in  a film  o f more s tab le  
coii^osition to these conditions. In tlie range 313 to  433°K, tlie obeyance 
to  tlie suggested logarithm ic growth law implies tlia t a t  tliese temperatures 
d iffu s io n  ra te s  are so slow as to prevent fu rtlie r film  growth.
Compositional changes are seen to  occur w ith tim e, a t  a l l  temperature 
le v e ls , and the f in a l  film s had d is t in c t  iro n -rich  and chromium-rich 
regions. Hie major change in  tlie range 313 to  353°K is  a s lig lit  increase 
in  tlie concentration o f tlie Cr^*. At 393°K and 433^K marked changes occur 
in  tlie respective thicloiess es o f tlie two regions. However, tlie most 
s tr ik in g  changes occurred a t  473°K and these are d e a lt with in  a la te r  
sec tio n .
5.44 Hie Presence o f  Bound Water
Hie 0^^ spectra  o f water and adsorbed oxygen have the sajiie binding 
energy p o s itio n , so th a t  i t  i s  not possib le  to  s ta te  whether the high lev e l 
o f  th is  peak from analysis o f  tlie ou ter layer is  due to oxygen 
contamination picked up during specimen tra n s fe r , or bound w ater. However, 
tlie hydroxyl ion peak is  c le a r ly  d istingu ished  from tlie o ther oxygen 
species. I t  is  seen from tlie At% p lo ts  of OH in  Figs. 12-23 th a t tlie 
concentration of hydroxyl ions is  higher tlian fo r oxygen anions in  the 
ou ter lay e r. H iis suggests tlia t tlie f i r s t  s tru c tu re  formed is  hydrated.
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However, following tlie f i r s t  few seconds of etelling, a more or less  
constant r a t io  o f [OH ] : [0~] is  maintained tlirougliout tlie passive layer 
and in te r fa c ia l  zone. H iis evidence supports Okamoto' s m o d e l  of the 
p assiva tion  of s ta in le s s  s te e l ,  described in  Chapter 1, where an i n i t i a l ly  
hydrated s tru c tu re  was thought to  age in to  a more s tab le  oxide s tru c tu re .
5 , 4 5  Phase D istrib u tio n  and the Passive Layers: 313-433°K
The low temperature and oxygen lev e ls  considered in  tliis  work favour,
thermodynamically, the formation o f sp ine l s tru c tu re s  in  tlie passive film .
3/2The iron  maximum p o sitio n  o f the unresolved Fe2p ' m u ltip le t, found a t  
313 and 353°K suggest the presence o f ferrous ions and, th ere fo re , the 
like lihood  o f sp ine l phase. The chemical p ro file s  o f tlie outer iro n -r ic h  
p ortion  o f the film s a t  393 and 433^K (see Figs. 12-19) show the f e r r ic  
and ferrous ions in  the approximate r a t io  o f 2:1, ty p ic a lly  found fo r 
m agnetite. Moreover, n e ith e r  Fe(OH) 2 nor FeO are s ta b le  compounds :
Fe(0H)2 has a high s o lu b il i ty  in  w ater and FeO is  only formed a t  much 
higher tem peratures, so tiiese confounds are un likely  to  account fo r the 
presence o f ferrous ions. Hie low concentration o f Cr^* (<5 At%) in  the 
iro n -r ic h  layer suggests th a t a range o f chromite i s  formed, having the 
b asic  FeCr^O^ s tru c tu re . On fu rth e r  etching tlirough tlie iro n -rich  outer 
la y e r , the lev e l o f  Cr^* i s  seen to  increase u n t i l  tlie Cr^* r ic h  inner 
layer i s  reached. This may suggest an interm ediate range of Fe^O^ - 
FeCr^O^ so lid  so lu tion : Francis e t  al^^^^ have shown tlia t these sp inels 
may form so lid  so lu tions as suggested by the range o f l a t t i c e  parameters 
found fo r the iron-chromium sp ine l formed a t  higji temperatures in  s ta in le s s  
s te e l  exposed to  CO .^
Hie chromium-rich inner lay er corresponds to  a region o f low ferrous 
ion concentration, which im plies tlia t in  tliis  teg ion , as witli tlie in te r ­
fa c ia l zone, the hydrated oxides are in  tlie form o f tlie corundum s tru c tu res
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yFe^O^ (owing to  tlie presence of hydroxyl ions tlie a-Fe2 0 2  s tru c tu re  is
un likely) and Hie appearance o f a chroniium-rich inner layer a t
tlie higlier temperature is  no t su ip ris in g  as i t  is  a common product of tlie
oxidation o f s ta in le s s  s te e l  exposed to  CO2 , a i r  and H2O . H i i s  layer
3+is  ascribed to  tlie trapping o f Cr during growth. However, in  tliis  work 
i t  i s  l ik e ly  th a t  growth has already occurred w ith in  the f i r s t  few 
seconds o f exposure to  w ater. Hius, ageing of the passive film  or 
re d is tr ib u tio n  of the con stitu en ts  has to  be considered.
5.46 Factors Influencing tlie Ageing-of the Films Formed a t  393 and 433°K
As shown in  Table 13, the main v a ria tio n s  in  the proportions o f tlie 
iro n -r ic h  and chromium-ricli regions witli in  the film s are strongly  
dependent on flow -rate  and weakly dependent on times of exposure. The 
oxygen content o f the w ater was ^ 1 ppm O2 . How important the maximum 
lev e l o f 1 ppm O2 can be to  oxidation is  seen from tlie ca lcu la tio n  given 
below, which determines the required  level of oxygen to  oxidise a 2.0 iiim 
film  o f magnetite to  Y"Fc2^3*
Hie volume occupied by 2.0 nm o f passive lay er on a surface of 
1 sq cmi = 2.0 x 10 cc per sq cm.
For a density  o f Fe^O^ of 5.18, tlie mass o f passive lay er on 
1 sq cm is :
5.18 X 2 X 1 0 “  ^ ~ 10"® g
111 the reac tion  2Fe2 0  ^ + I O2 ~ 31^20^
16 g of Og reac ts  with 464 g of Fe^O^
Hie mass of oxygen needed to  convert passive film  to  Fe20_i 
« X  10~G g - 3 X  1 0 * 8  g
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I f  a l l  tills  oxygen was supplied in  1 ml passage of w ater over tlie 
specimen surface the  concentration o f oxygen in  the w ater would be
0.003 ppm which is  w ell in to  tlie expected range o f dissolved oxygen fo r 
th is  experiment. Such a re la t iv e ly  high lev el o f ox)^gen would suggest 
th a t tlie increased supply ra te  a ffec ted  by an increase in  flow -rate from 
1 ml/ll to  6 ml/ll would have l i t t l e  influence on tlie oxidation ra te  o f  the 
film .
The second possib le  e f fe c t  of« flow -rate is  th a t  of the o rig in a l ro le
assumed lik e ly  a t  the o u tse t o f th is  work, namely to  re fresh  the passive
film  surface , by removing d isso lv ing  ca tions. Table 13, as w ell as the
p ro file s  in  Figs, 12-19, suggest th a t  the most l ik e ly  element to  be
refreshed  in  order to  account fo r  the increased thickness o f iro n -rich
layer is  th a t  of the d isso lu tio n  o f Cr^*. However, the s o lu b il i ty  of Cr^*
2+ions is  f a r  lower tlian th a t  o f  Fe , and one would expect the reverse 
behaviour o f th a t  ac tu a lly  found.
I f  i t  i s  assumed th a t  the ou ter layer o f iro n  and chromium corresponds 
to  tlie i n i t i a l  composition and s tru c tu re  o f the b a r r ie r  film , then i t  
would seem a t  f i r s t  paradoxical tlia t tlie ferrous ion concentration should 
be lowest in  tlie inner zone o f tliis  film . Cohen’s w o r k ,  described in  
Chapter 1, showed tlia t fo r  tlie passiva tion  of iron  in  deoxygenated w ater, 
an inner sp inel s tru c tu re  formed witli an ou ter f e r r ic  oxide lay e r, where 
tlie oxygen concentration was h ig h est. The inner chromium-rich lay er may 
tlierefore be due to  two possib le  reac tio n s , (a) a s o lid  s ta te  reac tion  
involving the reduction o f magnetite a t  the b a r r ie r  film i/steel in te rface  
by m eta llic  chromium, or (b) the in te rn a l oxidation o f tlie s te e l  by anion 
d iffu sio n  tlirougli the passive filmi.
The reac tio n  between chromimmm metal and magnetite may be expressed 
as follows:
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8Cr + 3Fe^0^ = iCrgOg + 9Fe
The formation of iron  metal would tend to erode away the film /m etal 
in te rface  c rea tin g  an in te r f a c ia l  zone o f the type th a t  is  observed.
A s im ila r  reac tio n  was observed in  the oxidation of a 70-30 cupro-nickel 
a llo y , using XPS analysis by C astle and N asserian-R iabi. Tliis reaction
is  expected to  occur when the film  has f i r s t  formed. The d istances 
needed fo r chromium metal to  d iffu se  to  the film /m etal in te rface  is  much 
sh o rte r  than the patliway o f d iffu s in g  anions th a t  w ill  have to  trav erse  
the  close-packed oxygen s tru c tu re  of the film , in  order to  in te rn a lly  
oxid ise tlie metal a t  the film /m etal in te rfa c e . I t  i s  therefo re  lik e ly  
th a t  the predominant reac tio n  w ill  be th a t of the reduction of m agnetite, 
followed by the oxidation o f the s te e l  by oxygen anion d iffu sio n . The 
onset o f anion d iffu s io n  would tend to reduce the ra te  o f the former 
reduction reac tio n , fo r in  the presence of oxygen anions, chromium metal 
is  l ik e ly  to  reac t d ire c tly  witli the oxygen ra th e r  than by a thermo­
dynamically le ss  favourable reac tio n  w ith sp in e l. Indeed, the d iffu sio n  
ra te  of oxygen tlirough au s ten ite  i s  eipected to  be g rea te r than fo r 
cliromium.
Hie d istance away from tlie o rig in a l film /m etal in te rface  a ffec ted  
by in te rn a l oxidation and the  low density  of re su ltin g  cations and anions, 
suggests th a t  in te rn a l oxidation may be along grain  boundaries and 
im perfections in  the s te e l .  Hie d iffu s io n  of diromiuim m etal, however, is  
le ss  lik e ly  to  depend on grain  boundary d iffu sio n  because o f tlie close 
proxim ity of the o r ig in a l filmi/metal in te rfa c e , thus re su ltin g  in  a more 
dense s tru c tu re .
A schematic rep resen ta tion  o f the reaction  sequence is  given 
below in  F ig .2 7.
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The id e n tif ic a tio n  o f the composition and possib le  s tru c tu re  o f the 
e n tire  passive film  has been discussed; however, no e^cplanation can be 
found fo r tlie flow -rate dependence upon the development o f the ageing 
process a t p resen t.
5.47 P assiv ity  o f S ta in less  S tee l in  Water a t  473QK
Hie film s formed on tlie sanples a t  473°K showed s im ila r  chemical and 
s tru c tu ra l p ro p erties  to those formed a t  393 and 433°K. However, n ickel 
was p resen t in  tlie extreme ou ter la y e r , and traces  of Cu^ were also 
observed whicli were no t included in  tlie p ro file s  because of the low level 
o f concentration observed and the d if f ic u l ty  in  obtain ing su itab le  
sp e c tra l d e f in itio n . *
Cation d iffu sion  appears to  be high enough in  th is  region to  enable 
extensive film  growtli to  occur beyond the i n i t i a l  b a r r ie r  film  formation. 
Comparing tlie film  thicloiess values [see Fig. 25) fo r a f te r  1 h and 3 h , 
i t  would appear tlia t tlie film  growtli ra te  is  almost l in e a r . Flow-rate 
•appears to  have no s ig n if ic a n t e f fe c t upon -Üie growtli o f tliese. film , or 
to  th e ir  conposition.
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The chemical p ro f ile s  o f the film s formed a t  473°K (see Figs. 20-23) 
show th a t  the build-up o f n ickel in  the ou ter layer is  seen to  increase 
sharply  between 1 and 3 h . One would expect th a t  tlie ra te  of supply of 
the n ickel ions to  tlie film  surface would remain constant w ith thiie, a f te r  
an i n i t i a l  stage where the passive film  upon tlie tliermocouple surface 
breakdoMi. Hie proportion of n ickel ions incorporated in  a developing 
passive film  surface must be a function o f the ra te  of film  growth.
I f  tlie Mbtt-Cabrera model is  assumed to  describe the ra te  of growth,
then :
r
^  = K e^  
d t
where
X = the tliicloiess o f the  film  a t  time t  
K and K' are constants
Hie flu x  o f iro n  ions a t  any in s ta n t is  given by:
J(Fe) 0
where
^ -  volume of oxide per metal ion
Assuming tlia t iron  and n ickel ions have an equal cliance o f incorporation 
in to  tlie film , and th a t  J ^ i )  -  c o n s t. , tlien the concentration o f Ni^* in  
the film  is  expressed in  the following way:
[N i]  = ----------- = = const e  %
Hie tliicloiess of film  remaining a f te r  an etch-tim e tx  is  given by:
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X = R
where
R = e tc h -ra te , which is  assumed to  be constant 
t^  = time to  etch througli the e n tire  film
Therefore:
[Ni] -  const e
or
Log [Ni] a
A curve is  p lo tte d  of th is  function fo r the 473°K, 6 m l/h, 3 h specimen 
and is  shown in  Fig, 28 below.
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2+The poin ts i& ich have been p lo tted  included botli the Ni and Ni 
metal concentrations^as the % metal p lo ts  o f  Fig. 23 suggest th a t tlie 
ea rly  appearance o f n ickel may correspond to  n ickel ions which have been 
reduced by the ion-beam. The i n i t i a l  region o f the p lo t shows a good 
f i t  bu t tlie two lowest p lo ts  of Log |^Ni| imply th a t a l l  of the n ickel metal 
component is  a ttr ib u ta b le  to  the su b stra te  s ig n a l, which is  to  be expected 
a t  th is  etch-depth.
Whereas th is  curve shows a good f i t  in  the i n i t i a l  region, the poin ts
fo r  the corresponding 1 h exposure do no t superimpose onto th is  p lo t .  I t
2 +can be seen from the re la tiv e  lev e ls  o f Ni in  the ou ter layer of
Fig. 21, tlia t the lev e l of the 3 h specimen is  le ss  than would be expected
from the 1 h p lo ts . This means th a t  e it l ie r , (a) p a r t  o f the surface
n ickel deposit is  no t time-dependent, i . e .  some p re c ip ita tio n  on cooling
may occur, (b) the value o f J(Fe) increases w ith tim e, or (c) the
2+concentration o f Ni i s  not constant but decreases w ith time. Of these 
p o s s ib i l i t ie s ,  (b) would appear to  be in  accordance w ith the observed 
r e s u l ts ,  i . e .  th a t  the to ta l  film  thickness is  seen to  increase markedly 
between 1 and 3 h . However, fu rth e r  work is  required  to  examine (a) and 
(c ).
IVhereas n ickel ions are c le a r ly  observed in  the extreme outer portion
o f the film , i t  would appear from tlie p ro file s  of n icke l metal and n ickel
2+ions th a t a portion  of Ni picked up in  the ea rly  stages of rap id  film  
growth may have been reduced by tlie Argon ion etching . By adding both 
species together a general agreement of the dependence o f log^ t  is  seen 
fo r both film  tliickness and time of exposure. Tliis po in t is  borne out by 
the p a ra l le l  bu t lower concentration gradient o f Cu^. The Auger spectrum
is  seen in  Fig. 29 below. H iis ion is  observed to  a deeper lev e l tlian the 
2+Ni ions. Hie p a ra l le l  nature o f the concentration of these contaminents 
suggests th a t tlie ra te  o f deposition  is  a function o f tlie film  growth ra te ,
E t c h
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I t  would appear, th e re fo re , th a t  the steep concentration p ro f ile  found 
fo r the film  formed a t  3 h exposure ind ica tes  the slowing doim o f the 
film  growth ra te .
The pick-up o f n ickel ions in  the outer lay er of the film  may or 
may no t have a s ig n if ic a n t e f fe c t  upon the re su ltin g  passive lay er. I t  
i s  therefo re  iii^o rtan t to  in v estig a te  more fu lly  the e f fe c t o f n ickel 
deposition  on the i ro n - r id i  lay e r. The figures fo r the re la tiv e  atomic % 
o f the cations Fe^^, Fe^*, Cr^* and Ni^* for the 473°K samples have been 
expanded to  a common etch-tim e axis in  Fig. 30. The shaded portions 
rep resen t tlie apparent concentration depletion  or enhancement during tlie 
e tch  period 10 to 70 s .
3+Hie enliancement o f Fe in  the f i r s t  10 s etch  period a t  1 h is
con trasted  with a more constant lev e l found a t  3 h . Tliis suggests th a t 
2+a t  1 h the Ni lay er is  le ss  than one mono-layer in  th ickness. Transfer 
o f  the specimen from the corrosion c e l l  to  the spectrom eter vacuum enables
atmospheric oxidation o f the surface Fe^* ions to  Fe^^ producing the
2+ 3+depletion  o f Fe and enhancement o f Fe observed.
At 1 h exposure the incorporation  of n ickel re su lts  in  a marked 
reduction in  the ferrous ion concentration. Hie f e r r ic  concentration 
does not appear to  be reduced. At 3 h exposure tlie ferrous ion 
concentration decreases bu t w ith corresponding reduction in  the f e r r ic  
ion content. H iis suggests th a t  the n ickel deposition  may be*selective 
in  the choice o f atomic s i t e  fo r deposition . The 3 h exposure suggests 
tlia t the n ickel tends to  deposit upon the Fe^* and Fe^* ion s i te s  and 
th erefo re  a ttenuate  th e i r  respective  s ig n a ls , as tlie Cr^^ concentration 
seems to  remain constan t. At 1 h , tlie reduction in  the ferrous ion 
concentration may suggest e i th e r  se lec tiv e  deposition  on ferrous ion s i te s  
or su b s titu te s  fo r ferrous ions in  the outer s tru c tu re  of the film .
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Nakayama e t found tlia t NiFe2Û^  sp ine l formed in  the passive
film  o f 18% Cr^ 8% Ni a u s te n itic  s ta in le s s  s te e l  when a specimen i n i t i a l l y  
e lectropo lished  was exposed to  deoxygenated n eu tra l water a t  S73°K. This 
sp ine l was so s tab le  th a t  even heating  the film  fo r 3 h a t 1273°K in  a i r  
d id  not produce tlie corundum oxide s tru c tu re . Tliis demonstrates th a t 
n ickel can have a s ta b il iz in g  e f fe c t  upon the sp inel s tru c tu re . H iis may 
be in  evidence in  th is  work, e sp ec ia lly  in  the film  formed a t  1 h where 
evidence is  found o f n ick el ion su b s titu tio n  fo r  ferrous ions.
In nuclear power p la n t, the incorporation o f Co in to  Fe^O  ^ layer is  
a lso  found to  give sp ine ls  whidi are re s is ta n t  to  chemical cleaning
ac id s.
C astle and Thon^ison^^^^ have shown th a t the presence of n ickel f o i l  
in  a so lu tio n  o f Fe (OH) ^  573^K cata lyses the Shikorr reac tion  to  form
m agnetite. The possib le  c a ta ly t ic  e f fe c t of n ickel ions upon tlie so lid -  
s ta te  gro^vth o f these iro n -r ich  film s cannot be ru led  out. However, 
tliere i s  no evidence to  suggest th a t  film  growth occurs by back-deposition, 
a mode o f groi\rüi where the Shikorr reac tion  might be expected to  be 
catalysed  by the dissolved n ick e l.
Hie presence o f the chromium-ridi inner lay er is  believed  to  be due 
to  the same so lid  s ta te  reac tio n  suggested fo r the lower tem peratures. 
C learly , tlie ca tion  d iffu s io n  a t  th is  temperature is  su ff ic ie n tly  high 
to  reduce the lev e l o f in te rn a l oxidation. Hie composition and ra te  of 
growth of the passive film  appear to  be su ff ic ie n t to  lower considerably 
tlie re la t iv e  tliicloiess o f the in te rn a l oxidation zone, compared to  tlia t 
o f the passive film .
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5.50 Conclusions
Hie development o f m u ltip le t analysis and the determ ination o f a 
range of s e n s i t iv i ty  fac to rs  led  to  an extensive improvement in  the 
q u a lita tiv e  and q u an tita tiv e  analysis  o f the passive layers formed on 
s ta in le s s  s te e l  a t  393, 433 and 473°K, The data revealed a passive film  
overlaying an in te r fa c ia l  zone. The absence o f a d is t in c t  film /m etal 
in te rface  prevented the determ ination of tlie e tc h -ra te  and to ta l  film  
tliicloiess by tlie method previously  used in  the lower tenperature study. 
Nickel from the s te e l  surface did not en ter the passive film  a t  any of 
tlie temperatures stud ied .
Miereas the i n i t i a l  passive film  formed a t  313 and 353°K was seen to  
increase in  thicloiess witli flo w -ra te , which was a ttr ib u te d  to  the acre tio n  
of an outer contaminent la y e r , no such behaviour was observed a t  the higher 
temperatures of exposure. The specimens exposed to  temperatures below 
473^K appeared to  grow to  a lim itin g  tliicloiess, which was a ttr ib u te d  to
(17')f ie ld  induced growth, in  agreement w ith Mott and Cabrera’s film  growth 
model of tlie low temperature oxidation  o f m etals.
Altliough an increase in  tlie chromium lev el of the 313 and 353°K 
specimens was observed, the more comprehensive analysis  o f the specimens 
exposed to  393 and 433°K revealed what appeared to  be an ou ter iro n -r ic h  
sp ine l s tru c tu re  overlying an inner chromium-rich corundum s tru c tu re .
The lim ited  growth suggested low ca tion  d iffu sio n . In tlie absence o f any 
evidence of se lec tiv e  ca tio n  d isso lu tio n  occurring w ith the change of 
flow -rate , i t  was assumed th a t  the ou ter region o f tlie film  probably 
conformed to  the i n i t i a l  b a r r ie r  film  composition. Hie chromium-rich 
inner layer was thought to  be the re s u l t  of the cliromirmi metal o f the 
s te e l  reacting  with the magnetite a t  the m etal/film  in te rfa c e , producing 
Cr^Og and Fe. Hius, modifying the film  s tru c tu re  and in i t ia t in g  the
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breakdoivn o f the in te rfa c e . I t  was tJiou^it th a t ,  a f te r  anion d iffu sion  
to  the  s te e l  surface had occurred, tlie former reac tio n  ra te  was reduced, 
as tlie cliromium metal o f the s te e l  reacted d ire c tly  w ith the oxygen 
anions. Hie p re fe re n tia l oxidation o f cliromium and tlie se le c tiv e  a ttack  
along the fa s te r  d iffu s io n  patlis of the grain boundaries and im perfections 
in  the  au sten ite  l a t t i c e  was thought to  be responsible fo r tlie ex ten t of 
the in te r f a c ia l  zone.
At 473°K ca tion  d iffu sio n  was s u ff ic ie n t to  su sta in  continued f ie ld  
growth beyond tlie i n i t i a l  b a r r ie r  film . Hie film  showed an inner
chromium-rich lay er and an extensive iro n -r ich  ou ter lay e r. In add ition ,
2 +  ' +  pick-up of Ni from the thermocouple and a trace  o f Cu from the h ea te r
p la te  appeared, from tlie ir  concentrations in  the film  lay e rs , to  ind ica te
th a t between 1 and 3 h exposure the film  growth ra te  reduced. Hie n ickel
ion p ro f ile  p a r t ic u la r ly  i l lu s t r a te d  th is  reduction in  growtli r a te . The
n ickel ions were thought to  be incorporated in  the film  as a sp ine l o f
the form NiFe2 0 ^ which is  l ik e ly  to  s ta b i l iz e  the s tru c tu re  of the film .
There is  in su ff ic ie n t evidence to  suggest th a t the n ickel ions may
cata lyse  what appears to  be a predominantly so lid  s ta te  film  growtli o f the
iro n -r ich  layer.
A ll the film s showed evidence of an i n i t i a l  hydrated s tru c tu re  ageing 
to  a s tru c tu re  having a predominence of oxygen anions.
Hie presence of Ni^* and Cu^ contamination suggests th a t a design 
m odification be made to prevent the ions from in te rfe r in g  with the 
experiment. Hie presence o f tlie ions brings in to  question the conventional 
use o f unlined autoclaves fo r s tud ies  of repassiva tion .
-  208
6.0 GENERAL DISCUSSION
As a re s u l t  o f tliis  study i t  has been shown th a t  tlie re are various 
components to  the passive layers formed on a commercial grade s ta in le s s  
s te e l  exposed to  deoxygenated w ater, in  the range of temperature 313 to  
473°K;-
(1) An ou ter w ater r ic h  contaminent layer
(2) A passive film  co n sis tin g  o f hydrated chromium and iron  oxides
(3) An in te r f a c ia l  zone, betifeen the passive film  and tlie s te e l  
su b s tra te .
XPS was instrum ental in  de tecting  a h itlie rto  unsuspected contaminent 
layer which was presen t in  a l l  o f the films but which was most prominent 
in  the 313 and 353°K samples. Tlie thiclcness o f tliis  lay er a t  the lower 
temperatures was seen to  increase w itli flow -rate . Hie contaminent layer 
was thought to  be b u ilt-u p  by the acrea tion  o f organic molecules, able to  
bind w ater to  the  passive film  surface by hydrogen bonding.
At 313 to  433°K the film  thicloiess could be estim ated by XPS to  be 
about 2.0 nm, and the film  growth was considered to  follow the Mott- 
Cabrera model o f *'f ie ld  induced" growth. At 473°K, fu rth e r  film  growth 
occurred which was a ttr ib u te d  to  a h igher ra te  of ca tion  d iffu sio n  a t  th is  
tem perature. Assuming a constant e tc li-ra te , the film  thickness a t  473°K 
was estim ated to  be about 7 nmis a f te r  1 h compared w ith 18 iimis formed a f te r  
3 h.
Hie filmi formed on a 313°K, 3 ml/li, 1 h saimple was formed by varying 
the sample depth witli 6, tlie e lec tro n  co llec tio n  angle, to  be composed o f 
an iron  ric li film  in te rsp ersed  w ith a thinnei chromimum ricli film . H iis 
was a ttr ib u te d  to  the inliomgeneity o f the composition o f the  underlying 
s te e l .
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The s tru c tu re  of the film s fom ed in. the range 313 to  433°K, 
appeared from sto ich iom etric  considerations to  be ex tensively  an iron  
r ic h  iron-chromimi sp in e l. The le ss  comprehensive analysis  o f the 313 
and 353°K samples only revealed an increase in  the lev e l o f chromium in  
the film , w ith  increase o f tem perature. However a t 393 and 433°k the 
more comprehensive analysis  revealed a d is t in c t  iro n -ric li iron-cliromium 
sp in e l outer lay er, and an inner chromiium ric h  lay er. As dianges in  
flow -rate  did not reveal any se le c tiv e  d isso lu tio n  o f tlie film  throughout 
the e n tire  temperature range, the  iron  ric li ou ter lay e r was thought to  
correspond to  tlie composition o f the i n i t i a l  b a r r ie r  film , formed by 
f ie ld  induced growth. Hie inner diromiuim r id i  lay er was probably formed 
by tlie reduction o f magnetite a t  the mietal/film  in te rfa ce  by m eta llic  
diromium. H iis would re s u l t  in  aiid m eta llic  iro n , re su ltin g  in
some d e te r io ra tio n  o f tlie m etal/fihm  in te rfac e . Such a reac tio n  could be 
responsible fo r tlie enrichment of chromium in  the film s formed a t  353°K. 
H iis reac tion  would be a rre s ted  on d iffu sio n  o f oxygen and hydroxyl anions 
to  the  m etal/film  in te rfa c e . Hie anions would d iffu se  tlirough brealcs in  
the chromiium-ridi layer to  reac t d ire c tly  witli chromium and iron . Hiis 
in te rn a l oxidation would tlierefore extend the in te r f a c ia l  zone by 
se le c tiv e  a ttack  along grain  boundaries and surface i ip e rfe c tio n s ,
At 473^K, the co ip o sitio n  of tlie film  and in te r f a c ia l  zone were very 
s im ila r  to  tiiose formed a t  the lower tem peratures. However, s ig n if ic a n t 
q u an titie s  o f n ickel ions and traces  o f Cu  ^ ions were picked up fromi the 
so lu tio n  d u riig  filmi growth. Hie n ickel was probably incorporated in  the 
film  as NiFe^O^ sp in e l, which is  extremely s ta b le . A prelim inary 
in v estig a tio n  in to  tlie n ickel ion p ro file s  revealed th a t  the concentration 
o f the  n ickel in  each of tlie atomic layers o f the growing film  was lik e ly  
to  be a function o f the ra te  o f film  growtli. The evidence therefore  
suggested th a t film  growth in  the 1 h period was generally  lower tlian
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ind icated  fo r  the 1 to  3 h period , where a higher growtli ra te  was 
followed by a sudden f a l l .  At tl i is  s tag e , however, i t  is  apparent th a t 
fu rth e r  work is  required to  evaluate th is  h>q)otIiesis.
The in te rn a l oxidation reac tio n  was not apparent a t 313 and 353°K, 
which suggested th a t  the d iffu s io n  ra te s  fo r tlie anions a t these 
temperatures were considerably lower than a t  393 and 433°K, where the 
in te r fa c ia l  zone was of comparable thicloiess to  th a t o f  the passive film . 
At 473°K, the ra te  of ca tion  d iffu sio n  was g rea te r tlian fo r the anions 
which resu lted  in  an in te r f a c ia l  zone having a depth, a frac tio n  o f  the 
tliickness o f the passive film .
In the study o f the i n i t i a l  passive films formed on a s ta in le s s  s te e l  
i t  i s  e s se n tia l th a t  the time o f exposure be of tlie order of a few hours. 
For such work use o f the  conventional autoclave is  unsu itab le  as they 
commonly have extensive heating  and. cooling tim es. This problem was 
overcome in  th is  work by using a p ressu re  -vessel housing 'a  corrosion c e ll  
and the a n c il l ia ry  equipment. The corrosion c e l l  was made o f PTFE to  
minimise contamination o f the w ater. The b u i l t - in  h ea te r  u n it e f f ic ie n tly  
maintained the desired  tem perature. The volume o f the w ater contained in  
the c e l l  was 5 mis, s u f f ic ie n t  to  cover a standard s iz e  XPS sample. This 
design enabled more rap id  heating  and cooling to  be ca rried  out, as w ell 
as reducing the likeliliood  o f tliermal gradients being s e t  up in  the w ater.
Contamiination o f the w ater was not observed below 473°K, bu t a t th is  
temperature n ickel and copper ions were observed. These sources o f tlie 
contaminents are e a s ily  removed as suggested in  the  te x t .  However, tliis  
lev e l o f contamination brings in to  question how mucli contamination is  
picked up in  tlie co rroden t of tlie conventional unlined metal autoclaves. 
Indeed i t  would appear from tliis  study tlia t the observations of 
contamination is  b es t miade by a se n s itiv e  surface analysis  such as XPS,
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in  the i n i t i a l  passive films ra th e r than in  thiclcer films where 
contaminents may be more f in e ly  dispersed.
Hie XPS an aly tica l technique has been evaluated tliroughout Hie course 
of tliis  study, and four main areas requiring fu rth er work have become 
apparent:
(1) In order to  inprove Hie accuracy o f both quan tita tive  and q u a lita tiv e  
analysis , the m u ltip le t analysis operation must enable s in g le t peaks 
to  be se lected  having lialf-widHis conforming to the actual values 
fo r t h a t 'species, as w ell as an appropriate degree of skeim.ess to 
conform to the normal pealc shape. This would increase the accuracy 
o f both curve resolving and curve synthesis,
(2) Extensive work is  required to deteimine Hie mean free paths o f
electron through a varie ty o f suitable media. H iis  would p a rticu la rly  
aid tlie determination o f s e n s itiv ity  factors o f spectral species
emitted from d iffe re n t media and from d iffe re n t oxidation states.
(3) Argon ion etching has been found to be a su itab le  too l fo r cleaning 
s te e l  surfaces, and fo r the gradual removal o f Hie passive layers to 
obtain a chemical p ro file  through these film s. However, a more 
extensive study o f chemical in terfaces would require furHier 
loiowledge of the kinds o f ion etch damage Hiat may occur and indeed 
Hie d is tr ib u tio n  of Hiis damage over the sampled area and w ithin  the 
film  depHi.
(4) Non-destructive "in-depHi" analysis , by varying the e lectron  co llec tion  
angle 0 and by varying Hie X-ray source energy should be evaluated 
more fu lly  to  f a c i l i ta te  Hie study o f ion -e td i damage as w ell as to 
determine between island  and layered grov/Hi morphology in  passive 
film s.
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XPS seems eminently su ita b le  to  a stuc^^ of tliis  type, revealing 
com positional, s tru c tu ra l  and sto ich iom etric  inform ation. However, the 
g rea te s t disadvantage of th is  form o f analysis is  the lengtli o f the 
analysis time. In a commercial laboratory, i t  may be expedient to  combine 
A.E.S. and X.P.S. fo r determ ining diemlcal p ro file s  o f th is  s o r t .  Hie 
f a s te r  analysis time o f A.E.S. is  otherwise out-weighed both by the more 
comprehensive chemical inform ation availab le  from X.P.S. and the g rea te r 
s u i ta b i l i ty  o f XPS to  q u a n tita tiv e  an a ly sis . However, i t  would be 
reasonable to  obtain  a diem ical p ro f ile  witli AES carry ing  out in te rm itten t 
XPS analysis in  order to enable a more comprehensive in te rp re ta tio n  to  be 
made o f tlie AES data , e sp ec ia lly  where in te re s tin g  changes in  the chemical 
p ro f i le  are apparent.
Miereas tlie corrosion o f s ta in le s s  s te e l  in  high p u rity  w ater in  the 
temperature range s tud ied  is  o f sp e c if ic  in te re s t  to  the power industry , 
i t  is  hoped tlia t Hie general evaluation of XPS analysis as a su ita b le  
a n a ly tic a l technique to  work o f  Hiis work w il l  be o f  w ider in te re s t  to 
lab o ra to ries  concerned w ith Hiis kind o f work. I t  has been shown Hiat 
th ere  is  a need to  fu rth e r  develop m u ltip le t analysis to  enable more 
exacting q u an tita tiv e  and q u a lita tiv e  analysis to  be made. However, a t  
th is  s tage o f development o f Hiis tedinique a considerable amount of 
inform ation has been determined by th is  study concerning Hie composition 
o f  the passive layers on s ta in le s s  s te e l  Hiat has not been detected by 
any o ther tedniique.
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7.0 œNCLUSIONS
Hie ob ject o f th is  t l ie s is , as defined a t  the conclusion o f Q iapter 
1, was to  evaluate tlie use o f XPS fo r surface analysis in  corrosion. A 
re la t iv e ly  simple bu t in d u s tr ia lly  imiportant system was defined: the
formation of the passive lay er on s ta in le s s  s te e l  in  high p u rity  w ater.
As a r e s u l t  o f tliis  study four conclusions have emerged whidi can 
be ascribed d ire c tly  to  the use o f XPS in  tliis  context
(1) At ambient or s l i ^ i t l y  elevated  temperatures an outer layer
co n sis tin g  o f organic and w ater molecules is  formed on tlie
su rface .
(2) At a l l  temperatures up to  473°K tlie passive filmi consists  o f 
hydrated oxides.
(3) In Hie temperature range 393 to 473°K Hie passive film  is  
separated  fromi the bulk metal by an in  t e r  fa c ia l  zone consis ting  
of mixed metal oxides.
(4) At high temperatures ^  473^K aqueous phase tran sp o rt of m e ta llic  
species i s  s u f f ic ie n tly  important fo r  t r i v i a l  and sometimes 
unavoidable metal components in  the systems, e .g . theiimocouple 
w ire , to  be a source of contamination. Hiese ions are 
apparently incorporated in  Hie passive lay er.
The use o f  XPS i s ,  however, time consuming and may be too expensive 
fo r somie s tu d ie s . For example in  the presen t work approximately 1000 
m u ltip le ts  were analysed in to  s in g le ts .  Moreover, as the study developed 
i t  was c lea r  Hiat much o f  Hie infom iation required  fo r q u a n tita tiv e  
in te rp re ta tio n  of the s in g le t  in te n s i t ie s  is  not av a ilab le . Hie following 
conclusions concerning Hie use o f XPS as an a n a ly tic a l tedinique may be 
s ta te d :-
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(5) Escape depths may be talcen from the l i t e r a tu r e ,  using Hie 
commonly held  assumption th a t  the surface phase is  re la t iv e ly  
unimportant. However, the v a ria tio n  o f the to ta l  s ig n a l wiHi 
phase, which was discussed in  Qiapter 5 shows Hiat escape 
depth and species concentration are both im portant in  
q u an tita tiv e  an a ly s is . Therefore, fu rth e r  work must be done 
in  Hiis area.
(6) An exploratory  study showed Hiat s tru c tu ra l  inform ation can 
be derived from angular resolved spectroscopy, bu t the curves 
required  fo r analysis o f Hie in te n s ity  v a r ia tio n  wiHi angle 
are complicated and would need to  be constructed fo r ind iv idual 
oxide/m etal systems.
(7) Concentration p ro f i le s  can be obtained by ion e td iin g  bu t 
evidence showed th a t  the use o f an assumed etch ra te  could 
give in co n sis ten t r e s u l ts .  In c e r ta in  cases e tch -ra te s  may
be determined by use o f a c a lib ra tio n  s ig n a l from the su b s tra te , 
bu t Hiis w il l  no t always be p o ssib le . In any case i t  is  
d i f f i c u l t  to  use th is  meHiod once Hie oxide exceeds a c e r ta in  
th ickness, and thought should be given to  Hie inclusion  o f 
d e lib e ra te  markers wiHiin Hie oxide lay er.
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